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Abstract  

Computational methods f o r  unsteady 
t r a n s o n i c  f lows a re  surveyed w i t h  emphasis upon 
a p p l i c a t i o n s  t o  a e r o e l a s t i c  ana lys i s  and f l u t t e r  
p r e d i c t i o n .  Computational d i f f i c u l t y  i s  
d iscussed w i t h  respect t o  type of  unsteady f l ow ;  
at tached, mixed (at tached/separated) and 
separated. S i g n i f i c a n t  e a r l y  computations of 
shock motions, a i l e r o n  buzz and p e r i o d i c  
o s c i l l a t i o n s  are discussed. The maturat ion of  
computat ional  methods towards the c a p a b i l i t y  o f  
t r e a t i n g  complete veh ic les  w i t h  reasonable 
computat ional  resources i s  noted and a survey of 
recent  comparisons w i t h  exper imental  r e s u l t s  i s  
compiled. The importance o f  mixed at tached and 
separated f l o w  modeling f o r  a e r o e l a s t i c  analys is  
i s  discussed and recent  c a l c u l a t i o n s  o f  p e r i  od ic  
aerodynamic o s c i l l a t i o n s  f o r  an 18 percent t h i c k  
c i r c u l a r  a rc  a i r f o i l  are given. 

I n t r o d u c t i o n  

I n  t h e  pas t  decade t h e r e  has been much 
a c t i v i t y  i n  t h e  development o f  computat ional  
methods f o r  t h e  ana lys i s  o f  unsteady t ranson ic  
aerodynamics about a i  r f o i  1s and wings. Advances 
have p a r a l l e l l e d  developments i n  steady 
computat ional  f l u i d  dynamjcs (CFD) w i t h  a l a g  of 
approx imate ly  f i v e  years due t o  t h e  a d d i t i o n a l  
requirement o f  t ime-accuracy. F igu re  1, taken 
f rom t h e  s p e c i f i c a t i o n  document f o r  U.S. 
m i l i t a r y  a i r c r a f t 2 ,  i l l u s t r a t e s  s i g n i f i c a n t  
f ea tu res  which must be addressed i n  the 
t reatment  o f  computat ional  t ranson ic  unsteady 
aerodynamics. On t h e  p l o t  o f  equ iva len t  
a i rspeed versus Mach number, l i n e s  o f  constant 
a l t i t u d e  a re  s t r a i g h t  l i n e s  through the  o r i g i n  
w i t h  decreasing a l t i t u d e s  represented by steeper 
slopes. The f l i g h t  envelope i s  t y p i c a l l y  set  by 
the  maximum l i m i t  speed and a t y p i c a l  f l u t t e r  
boundary curve, cha rac te r i zed  by the f l u t t e r  
speed g r a d u a l l y  dropping t o  a minimum i n  the  
t r a n s o n i c  speed range fo l l owed  by a r a p i d  upward 
r i s e ,  i s  shown. The a b i l i t y  t o  p r e d i c t  t h i s  
minimum, termed t h e  t ranson ic  f l u t t e r  dip, i s  of 
g rea t  importance i n  design, s ince the  f l u t t e r  
boundary must be shown by a combination of 
a n a l y s i s  and f l i g h t  t e s t  t o  be ou ts ide  the  
f l i g h t  envelope by a margin o f  a t  l e a s t  15 
percent  i n  equ iva len t  airspeed, i.e. t he  f l u t t e r  
boundary must be ou ts ide  the  dashed l i n e  
boundary i n  f i g .  1. Subsonic l i n e a r  unsteady 
aerodynamic t h e o r i e s  have been reasonably 
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successfu l  i n  p r e d i c t i n g  t h i s  f l u t t e r  boundary 
f o r  Mach numbers up t o  0.6-0.7 but l i n e a r  theo ry  
i s  unable t o  account f o r  t he  e f f e c t  o f  
aerodynamic shape and maneuvering c o n d i t i o n  upon 
unsteady a i r l oads .  A t  h ighe r  Mach numbers 
l i n e a r  ana lys i s  has been used w i t h  more o r  l e s s  
success depending upon t h e  s e v e r i t y  o f  l o c a l  
t r a n s o n i c  e f f e c t s .  The occurrence o f  f l u t t e r  
w i t h i n  t h e  f l i g h t  envelope o f  an a i r c r a f t  
u s u a l l y  leads t o  s t r u c t u r a l  f a i l u r e  and l o s s  of 
t he  veh ic le ,  h i g h l i g h t i n g  t h e  necess i t y  f o r  
ca re fu l  v a l i d a t i o n  o f  computat ional  methods 
in tended f o r  use i n  t h i s  area. This  i s  a key 
d i f f e r e n c e  i n  t h e  u t i l i z a t i o n  o f  steady and 
unsteady computat ional  methods which must be 
c l e a r l y  understood. 

This paper at tempts t o  p rov ide  an 
assessment of t he  cu r ren t  s i t u a t i o n  regard ing 
computat ional  methods f o r  t ranson ic  unsteady 
aerodynamics . It i s  w r i t t e n  f rom t h e  
pe rspec t i ve  o f  a e r o e l a s t i c  a p p l i c a t i o n s  and t h e  
p r e d i c t i o n  of  a i r c r a f t  f l u t t e r .  Thus a t t e n t i o n  
i s  devoted t o  assessing the  s ta te -o f - the -a r t  f o r  
p r e d i c t i n g  unsteady a i r l o a d s  upon o s c i l l a t i n g  
l i f t i n g  surfaces. Also, t h e r e  i s  much cu r ren t  
i n t e r e s t  i n  a i r f l o w s  over r i g i d  sur faces which 
exhi  b i t  p e r i o d i c  unsteadiness over narrow Mach 
number regions. The i n t e r a c t i o n  of these two 
types o f  f l ows  a r e  l i k e l y  t o  be o f  g rea t  
i n t e r e s t  i n  t h e  near f u t u r e  as computat ional  
a e r o e l a s t i c i t y  matures. We have r e s t r i c t e d  t h i s  
survey t o  computat ional  methods which so l ve  
t ime-accurate t r a n s o n i c  f l o w  equat ions.  
Harmonic p e r t u r b a t i o n  and o the r  approximate 
s o l u t i o n  methods have been an a c t i v e  research 
area and an assessment of t h e i r  r e l a t i v e  m e r i t s  
v i s  a v i s  t ime-accurate s o l u t i o n s  would be 
valuable.  Also no t  covered are unsteady t h r e e -  
dimensional vo r tex  f lows s ince  t h i s  f i e l d  i s  
c u r r e n t l y  undergoing a r a p i d  growth3. 

This  f i e l d  rece ived  an i n i t i a l  impetus i n  
t h e  midc1970's f rom t h r e e  sources: 
T i  jdeman's p ioneer ing  exper imental  work on 
t ranson ic  unsteady pressure measurements, Magnus 
and Yoshihara ' s  demonstrat ion o f  key t r a n s o n i c  
f l o w  fea tu res  f o r  an a i r f o i l  w i t h  an o s c i l l a t i n g  
f l a p '  and t h e  i n t r o d u c t i o n  o f  an economical 
t ranson ic  f i n i t e - d i f f e r e n c e  s o l u t i o n  p l g o r i  thm 
by Bal lhaus and Goorj ian6. Bal lhaus g ives a 
survey o f  t he  f i e l d  from t h i s  per iod.  The AGARD 
S t ruc tu res  and M a t e r i a l s  Panel Subcommittee on 
A e r o e l a s t i c i t y  has se lec ted  exper imental  
unsteady pressure data sets  and def ined two- and 
t h r e e  -d i  mens i onal Standard Aeroel a s t i c  
 configuration^^^^ t o  p rov ide  reference 
computat ional  t e s t  cases f o r  t he  development and 
v a l i d a t i o n  o f  improved computat ional  methods. 
The data sets  were obta ined from r i g i d  models 
undergoing p i t c h  and c o n t r o l  surface 
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o s c i l l a t i o n s  and includes both convent ional  nd 
s u p e r c r i t i c a l  a i r f o i l  geometries'os 11,92. 
I n  a d d i t i o n  t o  these data sets, Sandford e t  
a l .  l3 summarize a ser ies o f  unsteady pressure 
t e s t s  made a t  NASA Langley and Tijdeman14 
presents  a much used data set f o r  a f i g h t e r  wing 
c o n f i g u r a t i o n .  

Computational methods have been pursued a t  
a number o f  d i f f e r i n g  l e v e l s  o f  p h y s i c a l  
approx imat ion t o  t h e  f low equations. Magnus and 
Y ~ s h i h a r a ~ , ' ~ ,  l6 used an e x p l i c i t  a l g o r i t h m  
t o  so l ve  t h e  E u l e r  (EE) equations. Steger and 
B a i l e y 1 7  repo r ted  a s i g n i f i c a n t  e a r l y  
a p p l i c a t i o n  t o  t h e  problem o f  a i l e r o n  buzz us ing  
an imp1 i c i t  approximate f a c t o r i z a t i o n  s o l u t i o n  
a l g o r i t h m  f o r  t h e  Navier-Stokes (NS) equat ions.  
Chyu and h i s  coau tho rs 'E~ '9  have pursued 
f u r t h e r  a p p l i c a t i o n s  o f  d e r i v a t i v e s  o f  t h i s  
code. Most o f  t h e  non l i nea r  unsteady 
computat ions t o  date have been made by s o l v i n g  
t h e  p o t e n t i a l  equations, both w i t h  and w i t h o u t  
i n t e r a c t e d  v iscous e f fec ts .  For example, t h e  
a 1 t e r n a t  i ng -d i  r e c t i  on imp 1 i c i  t (AD I ) a1 g o r i  thm 
embodied6 i n  t h e  LTRANZ code o f  Bal I haus and 
Goor j i an  enabled e f f i c i e n t  s o l u t i o n s  o f  t h e  
two-dimensional low frequency t ranson ic  small  
d is turbance (TSD) p o t e n t i a l  equat ion through t h e  
use o f  l a r g e  t ime  steps. Extensions o f  t h i s  AD1 
a l g o r i t h m  have been w ide ly  used by many 
researchers.  A s e m i - i m p l i c i t  form o f  t he  AD\ 
a l g o r i t h m  i s  used i n  t h e  3-0 XTRAN3S code20,2 
developed f o r  t h e  a e r o e l a s t i c  ana lys i s  o f  
wings. Other TSD and F u l l  P o t e n t i a l  (FP) 
equat ion codes a re  descr ibed i n  Refs. 22-27. 
There i s  a growing trend, e s p e c i a l l y  f o r  steady 
f lows,  towards use of  the Euler  equat ions r a t h e r  
than t h e  p o t e n t i a l  equations. Eu le r  equat ion 
codes t r e a t i n g  2-D o s c i l l a t i n g  a i r f o i l s  a re  
repo r ted  i n  Refs. 28-32 w h i l e  S a l m ~ n d ~ ~  and 
Be lk34  show r e s u l t s  from 3-D Euler  codes. 

Over t h i s  same t i m e  per iod,  severa l  
exper imenta l  i n v e s t i g a t i o n s  o f  p e r i o d i c  
aerodynamic f lows about ri i d  a i r f o i l s  have been 
repor ted.  McDevitt 35,96 documented such 
c o n d i t i o n s  f o r  a very narrow range o f  Mach 
number f o r  an 18 percent t h i c k  c i r c u l a r  a r c  
a i r f o i l  and Levy37 reproduced t h e  e f f e c t  w i t h  
c a l c u l a t i o n s  f rom a NS code. Subsequently, 
Mabey3' s tud ied  these o s c i l l a t i o n s  f o r  c i r c u l a r  
a r c  a i r f o i l s  w i t h  th icknesses o f  10-20 percent.  
References 39 and 40 g i v e  d e t a i l s  f o r  a 14 
percent  c i r c u l a r  arc a i r f o i l .  Related 
i n f o r m a t i o n  regarding the  i n t e r a c t i o n  of 
unsteady a i r l o a d s  caused by t r a n s i t i o n a l  
boundary l a y e r s  w i t h  s t r u c t u r a l  o s c i l l a t i o n s  i s  
g iven by Mabey e t  a i ?  Another c lass  of 
separat ion- induced p e r i o d i c  f l o w  problems, 
vo r tex  shedding about r i g i d  c y l i n d e r s  and 
a i r f o i l s  a t  h i g h  ang le -o f -a t tack ,  has been 
s t u d i e d  us ing  NS codes f o r  a v a r i e t y  o f  Reynolds 
numbers i n  Refs. 42-44. 

Unsteady aerodynamics has been the  theme o f  
f o u r  recent  AGARD c o n f e r e n c e ~ ~ ~ - ~ '  whose 
proceedings con ta in  a weal th  o f  i n fo rma t ion .  
Survey papers focusing upon computat ional  
requirements and resources a re  g iven by 
Peterson4'  and McCroskey e t  a l .  I .  Summary 
papers o f  t h e  1984 and 1985 AGARD conferences 
a r e  givf: by Mykytow5O and by Mabey and 
Chambers . The l a t t e r  re ference makes 
recommendations regarding computat ional  and 

exper imenta l  methods f o r  unsteady f l o w  phenomena 
and draws p a r t i c u l a r  a t t e n t i o n  t o  t h e  need t o  
pay ca re fu l  a t t e n t i o n  t o  t h e  na tu re  o f  shock 
motions. The p e r i o d i c  o s c i l l a t i o n s  about 
c i r c u l a r  a r c  a i r f o i l s  a re  recommended as 
benchmark computat ional  cases f o r  a l l  
t ime-dependent t r a n s o n i c  v iscous f l o w  theo r ies .  
Zwaan" surveys a e r o e l a s t i c  problems i n  
t r a n s o n i c  f l o w  w h i l e  De iwer tS3  reviews t h e  
numerical  s i m u l a t i o n  o f  unsteady i n t e r a c t i v e  
f lows. F i n a l l y ,  ma be^^^ g ives a rev iew o f  
p e r t i n e n t  exper imental  research on 
time-dependent aerodynamics. 

I n  t h e  f o l l o w i n g  sect ions,  t h e  d i s t i n c t i o n  
between at tached and separated f l o w  c o n d i t i o n s  
and t h e  a v a i l a b l e  exper imental  data sets  a re  
discussed. A b r i e f  d i scuss ion  of t h e  h i e r a r c h y  
o f  a v a i l a b l e  f low so l ve rs  i s  g iven w i t h  
a t t e n t i o n  t o  d e t a i l s  s p e c i f i c  t o  unsteady 
f lows.  Then, computat ional  c a p a b i l i t y  f o r  
two -d i  mensi onal and t h r e e  -d i  mens i onal unsteady 
aerodynamics i s  i l l u s t r a t e d ,  f o l l owed  by a b r i e f  
rev iew of a e r o e l a s t i c  a p p l i c a t i o n s .  F i n a l l y ,  
computat ions o f  unsteady p e r i o d i c  f l o w  about 
c i r c u l a r  a r c  a i r f o i l s  a re  discussed and t h e  
o r i g i n  o f  t h e  o s c i l l a t i o n s  i s  i nves t i ga ted .  

Transonic F1 ow Phenomena 

It w i l l  be h e l p f u l  t o  d i s t i n g u i s h  the  main 
features o f  steady t ranson ic  f l o w  i n  order  t o  
organize t h e  d i scuss ion  o f  unsteady 
aerodynamics. F igu re  2, f rom Ref. 4, i n d i c a t e s  
va r ious  reg ions o f  t r a n s o n i c  f l o w  development 
f o r  t h e  NLR 7301 a i r f o i l ,  a 16-percent cambered 
s u p e r c r i t i c a l  -type sect ion.  With i n c r e a s i n g  
Mach number and moderate angle-of  -a t tack , t h e  
upper su r face  becomes c r i t i c a l  between M = 
0.4-0.7 w i t h  t h e  f i r s t  shock forming a t  an 
increase o f  a p rox ima te l y  0.1 i n  Mach number. 
Pearcy e t  a l .59 have c l a s s i f i e d  severa l  types o f  
f l o w  separa t i on  which may occur. For  
convent ional  a i r f o i l s  t h e  t y p i c a l  p a t t e r n ,  
termed t ype  A, i nvo l ves  t h e  growth o f  a l o c a l  
separat ion bubble induced by boundary l a y e r  
separat ion a t  t h e  shock foo t ,  spreading r a p i d l y  
t o  t h e  t r a i l i n g  edge as Mach number increases. 
This c o n d i t i o n  i s  o f ten  accompanied by unsteady 
phenomena such as b u f f e t  and a i l e r o n  buzz4. The 
steep a f t  pressure g rad ien ts  o f  modern a i r f o i l s ,  
such as t h e  NLR 7301, can lead  t o  an a l t e r n a t e  
pa t te rn ,  termed t y p e  B ,  i n  which separa t i on  
progresses from t h e  t r a i  1 i ng edge towards t h e  
shock. F i g u r e  2 i l l u s t r a t e s  t h i s  t y p e  R 
separat ion,  w i t h  f u l l y  separated f l o w  a f t  o f  t he  
shock occu r ing  a long t h e  l i n e  o f  maximum l i f t .  
Note t h e  small  "shock f r e e "  design c o n d i t i o n  
occur ing over a small  i s o l a t e d  range o f  l i f t  
c o e f f i c i e n t  and Mach number j u s t  p r i o r  t o  t h e  
onset o f  t r a i l i n g  edge separat ion.  T i  jdeman4 
notes t h a t  f l o w  cond i t i ons  i n  t h e  reg ion  between 
the onset o f  t r a i l i n g  edge separa t i on  and f u l l y  
separated f l o w  are very s e n s i t i v e  t o  Reynolds 
number and t h e  l o c a t i o n  o f  t r a n s i t i o n  f rom 
lam ina r  t o  t u r b u l e n t  f low. 

F i g u r e  3 shows a s i m i l a r  diagram, de r i ved  
from Ref. 56, o f  f l o w  reg ions f o r  a complete 
veh ic le .  Flows which are predominant ly  a t tached 
o r  separated a re  designated as t y p e  I and 111 
f lows r e s p e c t i v e l y ,  w h i l e  mixed at tached and 
separated f l ows  are designated t ype  11. These 
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f l o w  reg ions  w i l l  be used t o  d i s t i n g u i s h  the 
re1  a t i  ve d i f f i c u l t y  of computat ianal  ~~-utr;c?uis. 
For unsteady f l ows  t h e  boundaries between these 
f l o w  types a re  not  d i s t i n c t  s ince an a i r f o i l  or  
wing m y  e x h i b i t  m r e  than one t y p e  o f  f l ow  
d u r i n g  t h e  unsteady motion. The " p i c k e t  fence" 
i n  t h e  mixed f l o w  reg ion  has been added t o  
emphasize t h e  p o s s i b i l i t y  o f  "nonc lass i ca l "  
a e r o e l a s t i c  e f f e c t s  i n  t h i s  region. C lass i ca l  
l i n e a r  a e r o e l a s t i c  a n a l y s i s  methods cannot 
r e l i a b l y  model r e s u l t s  i n  t h i s  reg ion  al though 
they  have been s u r p r i s i n g l y  durable.  

Farmer e t  a l .  57  prov ided e a r l y  t e s t  r e s u l t s  
documenting t h e  e f f e c t  o f  a i r f o i l  shape upon 
f l u t t e r  boundaries. F igu re  4 shows t h e i r  
comparison of f l u t t e r  boundar ies f o r  t w o  
s t r u c t u r a l l y  and geomet r i ca l l y  s i m i l a r  wings o f  
t h e  same planform. The s u p e r c r i t i c a l  wing was a 
reduced s t i f f n e s s  model o f  t h e  mod i f i ed  TF-8A 
wing w h i l e  t h e  convent ional  wing had a 
symmetr ical  sect ion.  The two wings had 
leading-edge sweep angles o f  44.5 degrees. 
Design c r u i s e  Mach number was 0.90 f o r  t he  
convent ional  wing and 0.99 f o r  t he  s u p e r c r i t i c a l  
wing. The s u p e r c r i t i c a l  wing was shown t o  have 
a 25 percent  lower  minimum f l u t t e r  dynamic 
pressure near Mach 1.0 where t y p e  I 1  mixed f l o w  
would be expected. Current  t ranson ic  
computat ional  methods a re  beginning t o  address 
t h i s  impor tant  area which w i l l  be a key t o p i c  
f o r  computat ional  a e r o e l a s t i c i t y  i n  the  fu tu re .  
Other r e p o r t s  o f  a e r o e l a s t i c  model t e s t s  
re levan t  t o  t h i s  area are; s i n g l e  mode f l u t t e r  
o f  a low aspect r a t i o  wing s tud ied  by 
Er icksonS8,  s u p e r c r i t i c a l  wing f l u t t e r  t e s t s  
performed a t  t h e  NLR59,60 and t o r s i o n a l  buzz 
o f  a e r o e l a s t i c  wings t e s t e d  a t  t h e  RAE6'. It 
should be noted t h a t  t h e  present  paper deals 
o n l y  w i t h  t h e  computat ional  methods f o r  
p r e d i c t i n g  t h e  t ype  A and B f l o w  separat ions.  
Separated f l ows  i n v o l v i n g  3-D unsteady vor tex 
f l o w  s t r u c t u r e s  are a l s o  o f  great  importance i n  
t h i s  f i e l d  b u t  a re  ou ts ide  t h e  scope o f  t h i s  
paper. 

Exper imental  Data Sets 

I n  t h i s  sec t i on ,  t h e  a i r f o i l  geometries and 
wing planforms which have been most f r e q u e n t l y  
s tud ied  are summarized. I n  a d d i t i o n  t o  t he  
AGARD s tandard c o n f i g u r a t i o n s ,  severa l  o the r  
model t e s t s  have been popular  f o r  comparison 
w i t h  computat ional  r e s u l t s .  F igures 5 and 6 
show t h e  p r o f i l e s  and planforms o f  the 2-D6 and 
3-D' AGARD c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .  Data 
sets  f o r  a l l  o f  these c o n f i g u r a t i o n s  except the  
6 percent  p a r a b o l i c  a rc ,  DO A 1  and MBB-A3 
a i r f o i l s  are g iven i n  Refs. 10, 11, and 70. 
Tables 1 and 2 t a b u l a t e  se lec ted  references f o r  
these and o the r  c o n f i g u r a t i o n s  i n  which 
comparisons o f  exper imental  and c a l c u l a t e d  
unsteady pressures are given. The e n t r i e s  are 
grouped by t h e  equat ion l e v e l  o f  t he  phys i ca l  
model ing used f o r  t h e  c a l c u l a t i o n s .  The 
references are not  exhaust ive but  a re  an at tempt 
t o  i n d i c a t e  p u b l i c a t i o n  o f  s i g n i f i c a n t  
exper imenta l  /computat ional  comparisons o r  new 
c a p a b i l i t y .  

The f i r s t  t h r e e  a i r f o i l s  i n  Table 1 are 
convent ional  a i r f o i l s  w i t h  6, 410, and 12 percent  
t h i ckness  r a t i o s .  Tijdeman t e s t e d  t h e  NACA 

64A006 a i r f o i l  w i t h  an o s c i l l a t i n g  quar ter -chord 
t r a i i  iny-t!1&? c o n t r o l  surface. I n t e r p r e t a t i o n s  
of these t e s t s 4  have prov ided i n s i g h t s  i n t o  t h e  
u n d e r l y i n g  mechanisms of unsteady t r a n s o n i c  
flows. Tijdeman i n d e n t i f i e d  t h r e e  types o f  
shock motion, denoted t ype  A, B, and C. I n  t y p e  
A shock motion, t h e  shock wave remains d i s t i n c t  
du r ing  the  o s c i l l a t i o n  cyc le ,  w i t h  a p e r i o d i c  
v a r i a t i o n  of shock l o c a t i o n  and shock s t reng th .  
I n  t ype  B shock motion, t he  shock wave weakens 
and disappears du r ing  a p o r t i o n  o f  t h e  cyc le ,  
genera l l y  du r ing  the  forward propagat ion o f  t h e  
shock along the  surface. For t ype  C motion, t h e  
shock wave on t h e  a i r f o i l  remains d i s t i n c t  and 
propagates forward along t h e  a i r f o i l  chord and 
o f f  t he  a i r f o i l  leading-edge. 

Davis and Malcolm6' t e s t e d  t h e  NACA 64A010A 
a i r f o i l  f o r  p i t c h i n g  o s c i l l a t i o n s .  Two cases 
from t h i s  t e s t  have been w ide ly  s tud ied:  a case 
w i t h  a moderate shock wave a t  M = 0.8 and a = 0 
degrees and a case w i t h  steady shock-induced 
separa t i on  a t  M = 0.8 and a = 4 de rees. The 
NACA 0012 a i r f o i l ,  t e s t e d  by Landonyo, d i f f e r s  
f rom the  o the r  e n t r i e s  i n  Table 1 i n  t h a t  it was 
t e s t e d  f o r  l a r g e r  dynamic p i t c h i n g  ampl i tudes 
and f o r  t r a n s i e n t  ramping mot ions making it 
s u i t a b l e  f o r  dynamic s t a l l  computat ional  
s tud ies.  McDevi t t  and 0 k u n 0 ~ ~  have repo r ted  
measurements o f  p e r i o d i c  shock -i nduced 
o s c i l l a t i o n s  f o r  t h i s  a i r f o i l .  

Oata sets  f o r  t h e  16 percent t h i c k  
s u p e r c r i t i c a l  NLR 7301 a i r f o i l  a re  g iven by 
both T i  jdeman and Davis" and t h e  shock- f ree 
c o n d i t i o n  f o r  t h i s  s u p e r c r i t i c a l  a i r f o i l  has 
been a cha l l eng ing  computat ional  case. The 8.9 
percent  t h i c k  MBR A-3 a i r f o i l  has been t e s t e d  by 
Z i ~ ~ ~ m e r m a n ~ ~  and represents a l e s s  severe 
s u p e r c r i t i c a l  a i r f o i l  computat ional  case. 
Other s u p e r c r i t i c a l  a i r f o i l s  t e s t e d  f o r  
o s c i l l a t o r y  mot ions o r  e x h i b i t i n g  unsteady 
behavior  are: a 12 percent t h i c k  a i r f o i l  t e s t e d  
f o r  p i t c h i n g ,  heaving, and f l a p  r o t a t i o n  by den 
Boer and H o u ~ i n k ~ ~ ,  t h e  RA16SC1 a i r f o i l  t e s t e d  
by ONERA66, and t h e  cryogenic  t e s t  o f  a super-  
c r i t i c a l  SC(2)-0714 a i r f o i l  by Hess e t  a l .67 
Reference 65 repo r ted  l a r g e  dynamic responses o f  
a i r l o a d s  on t h e  s u p e r c r i t i c a l  a i r f o i l  f o r  both 
o s c i l l a t i n g  and s t a t i c  mot ions a t  t y p e  I I  f l o w  
c o n d i t i o n s  and in t roduced  t h e  concept o f  
"aerodynamic resonance.'' S i m i l a r  p e r i o d i c  
shock-induced o s c i l l a t i o n s  are repo r ted  f o r  t h e  
RA16SC1 a i r f o i l . 6 6  

Tests o f  r i g i d  c i r c u l a r  a rc  a i r f o i l s  have 
been repo r ted  by McDevi t t  e t  a1 .35, McDevi t t  3 6 ,  
ma be^^^ and Mabey e t  a l . 3 9  References 35 and 36 
g i v e  d e t a i l s  o f  t e s t s  o f  an 18 percent  t h i c k  
a i r f o i l  f o r  Reynolds numbers o f  1 m i l l i o n  t o  17 
m i l l i o n ,  cove r ing  laminar  t o  f u l l y  developed 
t u r b u l e n t  f lows.  The wind tunne l  w a l l s  were 
contoured t o  approxi  mate t h e  i n v i s c i d  
s t ream- l ines over an a i r f o i l  a t  M = 0.775. 
P e r i o d i c  unsteady a i r f l o w s  were observed over a 
narrow Mach range whose ex ten t  depended upon 
whether Mach number was i n c r e a s i n g  o r  
decreasing. Fo r inc reas ing  Mach numbers, 
o s c i l l a t i o n s  occurred f o r  0.76 < M < 0.78 w h i l e  
f o r  decreasing Mach number the  range was wider,  
0.73 < M < 0.78. The frequency o f  t h e  
o s c i l l a t i o n s  was 188 *3 Hz (reduced f r e  uency k 
= 0.48 based upon semi-chord). Mabey3' s t u d i e d  
s i m i l a r  p e r i o d i c  f l ows  f o r  a s e r i e s  o f  c i r c u l a r  
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arc  a i r f o i l s  ranging i n  th ickness from 10 t 3  20 
percent  a t  Reynolds numbers o f  0.4-0.6 m i l l i o n .  
I n  Ref. 39, f u r t h e r  i n v e s t i g a t i o n s  on a l a r g e r  
14 percent  t h i c k  biconvex wing a t  Reynolds 
numbers o f  1-7 m i l l i o n  i s  repor ted.  Two 
necessary c r i t e r i a  evident f rom the  exper imental  
r e s u l t s  f o r  t h e  existence o f  t h e  p e r i o d i c  
unsteady f l o w  a re  given: th ickness/chord r a t i o  
g r e a t e r  than 12 percent and l o c a l  Mach number 
upstream o f  t h e  te rmina l  shock wave i n  t h e  range 

1.24 < M < 1.40 

M ~ D e v i t t ~ ~  i d e n t i f i e s  t h e  predominant shock 
mot ion f o r  t h e  18 percent t h i c k  a i r f o i l  as t ype  
C whereas Mabey e t  a1.39 argue t h a t  i t  i s  t ype  6 
motion. 

The sma l le r  number o f  e n t r i e s  i n  Table 2 
r e f l e c t s  t h e  s i t u a t i o n  regard ing 3-0 t e s t i n g  i n  
t h a t  t h e r e  a r e  fewer exper imental  data se ts  
w i d e l y  a v a i l a b l e  and fewer comparisons o f  
exper imental  and ca l cu la ted  r e s u l t s  have been 
publ ished. Tijdeman14 t e s t e d  a model o f  t h e  F-5 
f i g h t e r  wing i nc lud ing  ex te rna l  tanks and 
s tores.  Th is  wing has an aspect r a t i o  o f  2.98, 
a t a p e r  r a t i o  o f  0.31 and a l ead ing  edge sweep 
o f  32 degrees. The r e l a t i v e l y  t h i n  wing 
sect ion,  a mod i f i ed  NACA 64A004.8, has made t h i s  
a popu la r  computat ional  case s ince  i t  i s  w e l l  
w i t h i n  t h e  c a p a b i l i t y  o f  TSD codes. Transonic 
and low supersonic t e s t  cond i t i ons  a r e  
a v a i l a b l e .  O f  t h e  AGARD Standard Conf igurat ion 
models shown i n  f i g .  6, t h e  NORA model i s  t h e  
most e x t e n s i v e l y  tested. It i s  a model o f  t h e  
Mirage F-1  h o r i z o n t a l  t a i l  which has been t e s t e d  
i n  f o u r  European wind tunne lsg*  lo. 

The AGARD rectangular  wing and t h e  RAE Wing 
A model have symnet r i  c a i  rf o i  1 
 section^^^'^^'^ whereas t h e  ZKP wing and 
LANN w i r y l  have s u p e r c r i t i c a l  a i r f o i l  
s e c t i  ons. 9 Add i t i ona l  models t e s t e d  f o r  
o s c i l l a t o r y  p i t c h i n g  are t h e  NASA Rectangular 
S u p e r c r i t i c a l  Wing (RSW) 730del 68969 and t h e  
RAE AGARD t a i l p l a n e  model. The former had a 
12 percent  s u p e r c r i t i c a l  a i r f o i l  s e c t i o n  w h i l e  
t h e  l a t t e r  had a NACA 64A01flA sect ion,  t h e  same 
as one o f  t h e  AGARD 2-D con f igu ra t i ons .  

A lso i nc luded  i n  Table 2 a r e  references t o  
severa l  o t h e r  publ ished comparisons w i th  
exper imentai  data. These cases are  o f  i n t e r e s t  
s i n c e  t h e  models were a e r o e l a s t i c  and some 
comparisons o f  experimental and computed 
t r a n s o n i c  f l u t t e r  boundaries ( o r  a e r o e l a s t i c  
response) a re  given. Isoga i  g ives  comparisons 
f o r  a h i g h  aspect r a t i o  s u p e r - c r i t i c a l  t r a n s p o r t  
wing i n  Ref. 26 and for t h e  s u p g q c r i t i c a l  wing 
f l u t t e r  model o f  Farmer e t  a l .  i n  Ref. 71. 
Bennett  e t  a1.72 give s t a t i c  a e r o e l a s t i c  
comparisons f o r  an aspect r a t i o  10.3 
s u p e r c r i t i c a l  wing which was e x t e n s i v e l y  
inst rumented f o r  unsteady pressure 
rneasuremgps 73. F i n a l l y ,  Guruswamy and 
Goo r j i an present  c a l c u l a t i o n s  f o r  a 
rec tangu la r  p a r a b o l i c  arc f l u t t e r  model. 

Compu t a t  i ona 1 Met hods 

A v a r i e t y  o f  methods i s  a v a i l a b l e  t o  
address t r a n s o n i c  unsteady computations. The 
cho ice  o f  an approp r ia te  method c a l l s  f o r  

assessment o f  t h e  d i f f i c u l t y  o f  t h e  aerodynamic 
problem being addressed. One p o s s i b l e  
c l a s s i f i c a t i o n  o f  l e v e l  o f  d i f f i c u l t y  i s  
i n d i c a t e d  i n  f i g .  3 i n  which t y p e  I problems 
i n v o l v e  at tached flows, t ype  11 problems i n v o l v e  
mixed flows and t ype  111 problems i n v o l v e  f u l l y  
separated flows. Type I f l ows  i n c l u d e  one o f  
t h e  most i mpo r t  a n t  aeroe l  a s t  i c ana 1 y s  i s 
cond i t i ons ,  c r u i s e  a t  h i g h  dynamic pressure.  
C l a s s i c a l  l i n e a r  a e r o e l a s t i c  a n a l y s i s  has been 
p r i m a r i l y  focused upon t h i s  cond i t i on .  The 
t r a n s i t i o n  from type  I t o  t ype  I1 c o n d i t i o n s  can 
be induced by manuevering f l i g h t  and can occur 
w i t h  l i t t l e  decrease i n  dynamic pressure.  Thus, 
a e r o e l a s t i c  response and s t a b i l i t y  o f  t ype  I1 
f lows can be q u i t e  impor tan t  a l though they  o n l y  
r e c e n t l y  have been brought w i t h i n  t h e  range o f  
t r a n s o n i c  computat ional  methods. Type 111 f l o w s  
occur as l a r g e r  maneuvers a re  performed and can 
i n v o l v e  t h e  onset o f  vo r tex  f lows, b u f f e t  and 
dynamic s t a l l .  It must a l s o  be recognized t h a t  
t h e  na tu re  o f  t h e  a i r f l o w  may change 
s i g n i f i c a n t l y  i n  going from steady t o  unsteady 
cond i t i ons .  For  instance,  a i r f l o w s  may e x h i b i t  
i n t e r m i t t e n t l y  t ype  I and t ype  I1  c o n d i t i o n s  
w h i l e  undergoing s t r u c t u r a l  v i  b r a t i o n s  induced 
by atmospher ic tu rbu lence  o r  by f l u t t e r .  

Computational methods a v a i l a b l e  f o r  
t ranson ic  unsteady aerodynamics i n c l u d e  
p o t e n t i a l  equat ion (bo th  TSD and FP), E u l e r  
equat ion and Navier-Stokes equat ion so l ve rs .  
The t h i n - l a y e r  Navier-Stokes (TL-NS) 
approx imat i  on i s  obta ined by n e g l e c t i n g  
components o f  t h e  v iscous terms i n  t h e  
coord inate d i r e c t i o n  normal t o  t h e  body 
surface. Also,  v iscous f low c a p a b i l i t y  may be 
added t o  t h e  p o t e n t i a l  and Eu le r  equat ions by 
means o f  i n t e r a c t e d  boundary l a y e r  models. 

Issues which have been c e n t r a l  t o  unsteady 
CFD have been t h e  choice o f  i m p l i c i t  versus 
e x p l i c i t  a lgor i thms,  t h e  s t a b i l i t y  o f  
a l t e r n a t i v e  s o l u t i o n  a lgo r i t hms  and t h e  
t reatment  o f  computat ional  g r i ds .  E x p l i c i t  
schemes a re  s imple t o  code and e a s i l y  
v e c t o r i z a b l e  but a re  l i m i t e d  i n  a l l owab le  t ime  
s tep  by t h e  s t a b i l i t y  l i m i t  imposed by t h e  
s i g n a l  propagat ion t ime  over t h e  sma l les t  g r i d  
c e l l .  Faced w i th  t h e  requirement o f  m a i n t a i n i n g  
t ime-accuracy throughout  t h e  e n t i r e  f i e l d  f o r  
a e r o e l a s t i c  computations, t h i s  e a s i l y  leads t c  
excessive computat ion t imes, e s p e c i a l l y  f o r  
v iscous f l o w  c a l c u l a t i o n s  where a very f i n e  mesh 
near t h e  sur face i s  r e q u i r e d  t o  reso lve  t h e  
boundary l aye r .  The a l t e r n a t i v e  i m p l i c i t  
s o l u t i o n  a lgo r i t hms  thus  a r e  favo red  and 
a t t e n t i o n  must be g i ven  t o  t h e i r  r e l a t i v e  
s t a b i l i t y  and accuracy c h a r a c t e r i s t i c s .  G r i d  
generat ion f o r  unsteady problems i n  which t h e  
body boundary moves, such as f o r  an o s c i l l a t i n g  
c o n t r o l  su r face  o r  an a e r o e l a s t i c  deformat ion,  
r a i s e s  new issues  over those i n v o l v e d  i n  steady 
f lows. To ma in ta in  accuracy, t h e  body- 
conforming g r i d  r u s t  be rea l i gned  w i t h  t h e  body 
a t  each t ime  step. Schemes f o r  accompl ish ing 
t h i s  have been s t u d i e d  as w e l l  as t h e  necess i t y  
o f  moving t h e  g r i d  a t  a l l .  When body mot ions 
a re  smal l  w i t h  p e r t u r b a t i o n s  main ly  normal t o  
t h e  surface, imposing boundary c o n d i t i o n s  on t h e  
mean su r face  l o c a t i o n  may be an acceptable 
approximat ion.  F i n a l l y ,  t h e  na tu re  o f  unsteady 
c a l c u l a t i o n s  means t h a t  t h e  s o l u t i o n  i s  no t  
a l lowed t o  achieve a s teady-state and thus  t h e  
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dynamic response of numerical c a l c u l a t i o n s  on 
t h e  computat ional  g r i d  i s  more impor tant .  For 
example, g r i d  c e l l  s t r e t c h i n g  i n  t h e  near and 
f a r  f i e l d  w i l l  a f f e c t  t h e  computational 
impedance o f  t he  g r i d  f o r  unsteady ca l cu la t i ons .  

I n  t h e  sec t i ons  t o  fo l low,  t h e  s t a t u s  o f  
t r a n s o n i c  unsteady aerodynamics i s  reviewed. I t  
has been h e l p f u l  t o  regard the  e v o l u t i o n  o f  t h i s  
computat ional  c a p a b i l i t y  as f o l l o w i n g  f o u r  broad 
stages : 

i .) E a r l y  computat ional  demonstrations 
ii.) Matu ra t i on  o f  computat ional  methods 

i i i . )  A p p l i c a t i o n  t o  r e a l i s t i c  con f igu ra t i ons  
i v . )  Type I 1  mixed f l o w  computat ion 

A t h read  which may be d iscerned i n  
rev iew ing  t h i s  f i e l d  i s  t h e  cont inued e v o l u t i o n  
o f  computat ional  methods, w i t h  a p p l i c a t i o n s  and 
eva lua t i ons  by comparison w i t h  experiment, t o  
success ive ly  more d i f f i c u l t  cases i n  order  t o  
d e f i n e  t h e  boundaries o f  v a l i d i t y  o f  the 
computat ional  method. Thus, f o r  instance,  an 
a l g o r i t h m  which was in t roduced  t o  t r e a t  simple 
t y p e  I at tached f l o w  cases i s  upgraded i n  
c a p a b i l i t y  t o  enable t reatment  o f  more d i f f i c u l t  
t ype  I cases ( c l o s e r  t o  t h e  type I1 boundary i n  
Fig. 3) and p o s s i b l y  even type 111 cases. 

E a r l y  Computational Demonstrat ion 

Three e a r l y  computations gave impetus t o  
t r a n s o n i c  unsteady CFD: demonstrat ion of type 
A, R, and C shock motions, c a l c u l a t i o n  o f  
p e r i o d i c  aerodynamic osc i  1 l a t  ionsabout a r i  g i d  
a i r f o i l  and c a l c u l a t i o n  o f  t h e  a i l e r o n  buzz 
boundary f o r  t h e  P-80 a i r c r a f t .  A l l  t h r e e  of  
these cases i n v o l v e  2-Il computations. A f o u r t h  
s i g n i f i c a n t  e a r l y  development was t h e  3-D TSD 
code descr ibed by Bor land e t  a1.2" which was the  
f i r s t  t ime-accurate code designed f o r  the 
a e r o e l a s t i c  ana lys i s  o f  swept wings. 

Computation o f  Shock Mot ions 

T i jdeman's4 t ype  A, B, and C shock mot ions 
observed f o r  t h e  NACA 64A006 a i r f o i l  w i t h  
osc i  1 l a t i n g  f l a p  were demonstrated 
compu ta t i ona l l y  by Magnus and Yoshihara5, 
Bal lhaus and Goor j ian6,  and Magnus. F igu re  7, 
from Ref. 6, g ives these t h r e e  c a l c u l a t i o n s  from 
t h e  LTRAN2 TSD code w i t h  comparisons o f  Eu le r  
code5.15 r e s u l t s  f o r  type A and B. Magnus" 
g i ves  t h e  corresponding Eu le r  code r e s u l t s  f o r  
t ype  C shock motion. The computat ional  
c o n d i t i o n s  f o r  these t h r e e  cases are: 

Type Mach Reduced frequency F l a  am l i t u d e  
A n.875 0.234 * 
B 0.854 0.179 1.0 deg. 
c 0.822 0.248 1.5 deg. 

These c o n d i t i o n s  are 0.15 - 0.28 Mach lower than  
Ti jdeman's t e s t  cond i t i ons ,  very l i k e l y  due t o  
wind tunnel  w a l l  i n te r fe rence .  The Eu le r  code 
used by Magnus and Yoshihara was a Lax-Wendroff 
e x p l i c i t  d i f f e r e n c i n g  s o l u t i o n  a l g o r i t h m  and a 
Car tes ian g r i d  w i t h  an embedded f i n e  mesh around 
t h e  moving shocks was used. The boundary 
c o n d i t i o n s  were a p p l i e d  a t  t h e  mean a i r f o i l  
p o s i t i o n .  The LTRAN2 code inco rpo ra ted  t h e  

A l t e r n a t i n g  D i r e c t i o n  I m p l i c i t  ( A D I )  a l g o r i t h m  
f o r  t h e  s o l u t i o n  of t h e  low frequency TSD 
p o t e n t i a l  equat ion.  The Eu le r  code used 5484 
g r i d  p o i n t s  and requ i red  1500 seconds per c y c l e  
whereas the  LTRtN2 code r e q u i r e d  8 seconds (CDC 
7600 computer). Th i s  s i g n i f i c a n t  r e d u c t i o n  
brought t h e  expense o f  2-D unsteady t r a n s o n i c  
CFD c a l c u l a t i o n s  w i t h i n  t h e  reach o f  many 
researchers.  

P e r i o d i c  Aerodynamic O s c i l l a t i o n s  
I n  order  t o  p rov ide  exper imenta l  data f o r  

v a l i d a t i o n  o f  v iscous f l o w  CFD computer codes, 
McDevi t t  e t  a1.35 conducted t e s t s  on a r i g i d  18 
percent  t h i c k  c i r c u l a r  a r c  a i r f o i l .  F igu re  8 
i 1 l u s t r a t e s  t h e  parameters of t he  experiment 
which was designed t o  encounter both t r a i l i n g -  
edge and shock-induced separat ions a t  h i g h  
Reynolds numbers w i t h i n  t h e  wind tunne l  
ope ra t i ng  l i m i t s .  Over a narrow range o f  Mach 
number, 0.73 < M < 0.78, o s c i l l a t o r y  f l o w  
separat ion was observed, F ig .  937. Mcl lev i t t  36 
s t a t e s  t h a t  t h e  o s c i l l a t i o n s  i n v o l v e  
predominant ly t ype  C shock mot ion w i t h  small  
reg ions o f  t ype  A mot ion near t h e  onset o f  
t h e p e r i o d i c  o s c i l l a t i o n s ,  f i g .  10. The reduced 
frequency o f  t he  o s c i l l a t i o n s  i s  k a 0.48 f o r  a 
= 0 degrees and v a r i e s  l i t t l e  with ang le -o f -  
a t tack .  

Levy37 success fu l l y  computed such 
o s c i l l a t i o n s  f o r  t h i s  a i r f o i l  us ing  a 
Navier-Stokes f l o w  so lver .  Levy 's  code was a 
m o d i f i c a t i o n  o f  t he  code o f  Ref. 75 and uses 
MacCormack's e x p l i c i t  s o l u t i o n  scheme w i t h  an 
a l g e b r a i c  eddy v i s c o s i t y  model. Levy m o d i f i e d  
t h e  code t o  s imulate the  contoured wind tunnel  
wa l l s .  F igu re  11 shows steady computed Mach 
contours f o r  Mach numbers o f  0.72 and 0.78, 
corresponding t o  t r a i l i n g - e d g e  and shock- 
induced separat ions,  r e s p e c t i v e l y ,  and unsteady 
f low w i t h  osc i  1 l a t o r y  t r a i  1 ing-edge/shock- 
induced separat ion f o r  M = 0.754. The reduced 
frequency of t he  computed o s c i l l a t i o n s  i s  0.40, 
about 20 percent  lower than t h e  measured 
frequency. Note p a r t i c u l a r l y  t h e  lower su r face  
Mach contours o f  t he  t h i r d  frame f o r  M = 0.754. 
The few l i n e s  i n d i c a t e  t h e  c o l l a p s e  o f  t h e  
supersonic reg ion  f o r  t h i s  p o r t i o n  o f  t he  
cyc le .  A lso note the  dimpled na tu re  o f  these 
Mach l i n e s  under t h e  a i r f o i l  surface. These 
fea tu res  w i l l  be discussed i n  more d e t a i l  below. 

Subsequent t e s t s  on c i r c u l a r  a r c  a i r f o i l s  
o f  th icknesses from 10 t o  20 percent  were 
performed by Mabey3', o b t a i n i n g  s i m i l a r  p e r i o d i c  
o s c i l l a t i o n s .  The Mach number range o f  t he  
o s c i l l a t i o n s  increases w i t h  decreasing th i ckness  
as does the o s c i l l a t i o n  frequency, remaining i n  
t h e  range o f  0.4 < k < 0.55 depending on 
th i ckness  and wind tunnel  w a l l  cond i t i on .  Mabey 
e t  a1.39 and Levy4' g i ve  d e t a i l e d  comparisons o f  
Navier -Stokes c a l c u l a t i o n s  w i t h  experiment f o r  
a 14 percent  t h i c k  a i r f o i l ,  reproducing 
q u a l i t a t i v e l y  the  d e t a i l s  o f  t h e  o s c i l l a t o r y  
f low. 

C a l c u l a t i o n  o f  A i l e r o n  Buzz 

A i l e r o n  buzz i s  a one-degree-of-freedom 
a e r o e l a s t i c  i ns tab i  1 i t y ,  u s u a l l y  o f  1 i m i t e d  
ampl i tude, which may be encountered under 
c o n d i t i o n s  o f  t r a n s o n i c  f low. Steger and 
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Ba i ley17  s t u d i e d  such a case f o r  t h e  P-80 
a i r c r a f t  which had been t e s t e d  i n  a wind 
tunnel .  They simulated a r i g i d  2-D wing sec t i on  
s t r i p  i n c l u d i n g  a f r e e - f l o a t i n g  a i l e r o n  us ing  a 
t h i n - l a y e r  Navier-Stokes f l ow  so lver .  They 
implemented t h e  Beam-Warming i m p l i c i t  
Approximate F a c t o r i z a t i o n  (AF) s o l u t i o n  
a lgor i thm,  us ing  an a lgeb ra i c  eddy v i s c o s i t y  
tu rbu lence  model. A novel  t reatment  of t h e  
computat ional  g r i d  was used t o  f o l l o w  t h e  
a i l e r o n  mot ion wi th a conforming g i rd .  A s imple 
shear ing t rans fo rma t ion  i n  the  coo rd ina te  normal 
t o  t h e  a i l e r o n  was used. 

F i g u r e  12 shows t h e  l i m i t  ampl i tude 
“ a i l e r o n  buzz“ osc i  1 l a t i  on which was c a l c u l a t e d  
f o r  M = 0.82, Re = 20 x 106 and a = -1. The 
c a l c u l a t i o n  was i n i t i a t e d  w i t h  a 4 degree 
a i l e r o n  o f f s e t .  This and o the r  c a l c u l a t i o n s  
s u c c e s s f u l l y  reproduced t h e  exper imental  buzz 
boundary. The computed reduced frequency was k 
= 0.38. The shock mot ion observed i n  t h e  
c a l c u l a t i o n s  was type B, and t ype  I 1  
i n t e r m i t t e n t  f l o w  separat ion i s  shown i n  Ref. 
17. The code was capable o f  be ing run  i n  an 
i n v i s c i d  mode (EE mode) and severa l  such 
c a l c u l a t i o n s  were made. Relow M = 0.84 t h e  
a i l e r o n  e x h i b i t e d  damped o s c i l l a t i o n s  o f  about 
k = 0.36 whereas d ivergent  o s c i l l a t i o n s  (k = 
0.39) were c a l c u l a t e d  a t  M = 0.84. Hence t h e  
tendency t o  o s c i l l a t e  a t  a g iven frequency 
de r i ves  f rom t h e  i n v i s c i d  f l ow  equat ions w h i l e  
t h e  v i s c o s i t y  apparent ly p l a y s  t h e  key r o l e  o f  
l i m i t i n g  t h e  ampl i tude of  o s c i l l a t i o n .  

These c a l c u l a t i o n s  were performed on a 76 x 
42 g r i d  and r e q u i r e d  approximately 1.5 sec o f  
CnC 7600 computer time p e r  t ime  s tep  o r  460 
PS. per  g r i d  po in t  pe r  i t e r a t i o n .  
Non-dimensional t ime  steps o f  0.005 - 0.01 were 
used (based on chord).  

Swept - W i  ng Aeroel a s t i  c Analys is  

Bor land e t  a1.20 and Bor land and R izze t ta ’ l  
desc r ibe  t h e  development o f  t he  XTRAN3S TSl l  code 
f o r  a e r o e l a s t i c  ana lys is  o f  swept wings. 
Reference 20 descr ibes t h e  extens ion o f  t h e  
LTRANZ AD1 s o l u t i o n  a l g o r i t h m  t o  
three-dimensions f o r  the s o l u t i o n  o f  t h e  3-ll low 
frequency TSD equation. Several cross 
d e r i v a t i v e  terms requ i red  e x p l i c i t  t reatment  
y i e l d i n g  a semi - imp l i c i t  a lgor i thm.  Resul ts  f o r  
an o s c i l l a t i n g  swept wing a r e  g iven i n  Ref. 20. 
Computations on a 60 x 20 x 40 g r i d  requ i red  3 
seconds o f  CPU t i m e  p e r  t i m e  s tep  on t h e  CDC 
7600 computer (62 PS. per  g r i d  p o i n t  pe r  
i t e r a t i o n ) .  

Reference 21 descr ibes t h e  ex tens ion  o f  
t h i s  code t o  so l ve  t h e  complete TSI) equat ion and 
i t s  a p p l i c a t i o n  t o  coupled s t r u c t u r a l  dynamic - 
unsteady aerodynamic analys is .  Samples o f  
f l u t t e r  c a l c u l a t i o n s  f o r  a rec tangu la r  wing a r e  
given. Computations on a 60 x 20 x 40 g r i d  
requ i red  4 seconds o f  CPU t i m e  pe r  t ime  s tep  on 
t h e  CDC 7600 computer. S t a t i c  a e r o e l a s t i c  
s o l u t i o n s  were obtained w i t h  300-400 steps and 
dynamic a e r o e l a s t i c  so lu t i ons  i n  about 1000 
s teps w i t h  nondimensional t i m e  s teps o f  0.1. It 
i s  noted, however, t ha t  t h i s  t ime  s tep  i s  case 
dependent, depending on planform, Mach number, 
etc.  Th is  c a p a b i l i t y  i s  noteworthy as it i s  t h e  

f i r s t  complete wing f l u t t e r  a n a l y s i s  
accomplished u s i n g  a t ime-accurate t r a n s o n i c  
comput a t  i onal method. 

A comparison of c a l c u l a t i o n s  f rom t h e  
XTRAN3S code w i t h  exper imental  data was g iven by 
Seidel  e t  a1.76 who performed c a l c u l a t i o n s  f o r  
p i t c h i n g  o s c i l l a t i o n s  of t h e  NASA Rectangular  
S u p e r c r i t i c a l  Wing. F igu re  13(a) shows steady 
and unsteady pressure d i s t r i b u t i o n s  f o r  two span 
s t a t i o n s  a t  M = 0.7 and a = 2 degrees. For t h i s  
low t r a n s o n i c  cond i t i on ,  t h e  agreement w i t h  
exper iment i s  good except near t h e  l e a d i n g  edge 
where g r i d  ref inement i s  probably  needed. The 
unsteady r e s u l t s  i n  f i g .  13(b) a r e  i n  good 
agreement w i th  exper iment over  most o f  t h e  
chord. Inboard, t h e r e  i s  an improvement i n  t h e  
p r e d i c t i o n  of t h e  l e a d i n g  edge s u c t i o n  peak over  
t h e  l i n e a r  theory R H O I V  r e s u l t .  Outboard, t h e r e  
i s  an underp red ic t i on  of t h e  l e a d i n g  edge peak 
and evidence o f  v iscous e f f e c t s  i n  t h e  phase 
angle i n  t h e  a f t  cove region. C a l c u l a t i o n s  f o r  
t h i s  RSW model have a l s o  been repo r ted  i n  Refs. 
25, 34, and 77. 

Matu r a t  i on o f  Computat i ona l  Methods 

I n  t h i s  sec t i on ,  t h e  f u r t h e r  development 
and a p p l i c a t i o n  o f  t h e  computat ional  methods 
i n t roduced  i n  t h e  l a s t  s e c t i o n  i s  descr ibed. 
These developments have t y p i c a l l y  been 
in t roduced  i n  2-D codes. Hence, t h e  e x p o s i t i o n  
emphasizes 2-D methods w i t h  p a r a l l e l  3-D r e s u l t s  
in terspersed.  

Augmentations t o  P o t e n t i a l  Methods 

Many researchers have p a r t i c i p a t e d  i n  
augmenting t h e  c a p a b i l i t y  o f  unsteady p o t e n t i a l  
codes. These developments have extended t h e  
range o f  a p p l i c a b i l i t y  o f  t r a n s o n i c  p o t e n t i a l  
codes by improved phys i ca l  model ing and by 
improved numerical s t a b i l i t y  o r  accuracy. 

The low frequency LTRAN2 AD1 a l g o r i t h m  was 
l i m i t e d  i n  accuracy above k = 0.1 and a d d i t i o n s  
o f  t h e  neglected t ime  d e r i v a t i v e  terms a r e  
descr ibed i n  Refs. 78-83. Chow and Goor j ian8’  
desc r i  be t h e  a d d i t i o n  o f  h i  gh -f requency terms 
and spec ia l  t reatment  o f  t h e  f a r f i e l d  boundary 
c o n d i t i o n s  t o  account f o r  t h e  phys i ca l  domain o f  
dependence f o r  supersonic f rees t ream 
cond i t i ons .  This enabled c a l c u l a t i o n  o f  2-D 
supersonic r e s u l t s  and enhanced t h e  s t a b i l i t y  o f  
t h e  code. Increased s t a b i l i t y  was a l s o  added t o  
t h e  LTRAN2 code by Goor j i an  e t  w i t h  t h e  
rep1 acement o f  t h e  Murman-Col e d i f f e r e n c i n g  
method by t h e  monotone d i f f e r e n c i n g  method of 
Engquis t  and O ~ h e r . ~ ’  This method e l i m i n a t e s  
the  nonphysical  f o rma t ion  o f  expansion shocks i n  
t h e  leading-edge reg ion  and a l lowed a l a r g e  
i nc rease  i n  a l l owab le  t ime  s tep  size.  

The f a r  -f i e l  d boundary c o n d i t i o n s  imposed 
can have spec ia l  s i g n i f i c a n c e  f o r  unsteady 
c a l c u l a t i o n s  s ince  d is turbances emanating f rom 
these boundar ies my r e t u r n  t o  t h e  v i c i n i t y  o f  
t h e  a i r f o i l  and contaminate t h e  s o l u t i o n .  
Kwak 86 implemented non - r e f  l e c t  i ng boundary 
c o n d i t i o n s  i n  t h e  LTRANZ code and showed t h a t  
t h e  computat ional  g r i d  cou ld  be made sma l le r  
w i th  reduced computer costs. Glhi t 1 ow 87 
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implemented s i m i l a r  cond i t i ons  f o r  t he  c m p l P t P  
TSD p o t e n t i a l  equation. R e f l e c t i o n s  f rom 
i n t e r n a l  g r i d  p o i n t s  can a l s o  occur i f  the  g r i d  
s t r e t c h i n g  i s  excessive. Seide l  e t  a l . 7 6  show 
r e s u l t s  i n d i c a t i n g  t h a t  g r i d  s t r e t c h i n g  i n  the  
d i r e c t i o n  normal t o  t h e  a i r f o i  i s  most c r i t i c a l .  

The XTRANZL TSD code descr ibed by Whi t lowe7 
inco rpo ra tes  the  fea tu res  mentioned above and 
t y p i c a l  r e s u l t s  f rom t h i s  code a re  shown i n  
f i gs .  14 and 15 f o r  t he  NACA 64A010A a i r f o i l .  
F igu re  14 shows the  steady pressure d i s t r i b u t i o n  
f o r  t h e  moderate shock case of Davis and Malcolm 
w h i l e  f i g .  15 compares t h e  unsteady l i f t  
c o e f f i c i e n t  w i t h  experiment and t h e  LTRAN2-NLR 
and LTRANV ( w i t h  i n t e r a c t e d  viscous e f f e c t s )  
r e s u l t s  o f  Houwink." Agreement i s  good f o r  
moderate f requencies w h i l e  t h e r e  i s  a 
c h a r a c t e r i s t i c  overpredi  c t i o n  of t h e  imaginary 
p a r t  f o r  t h e  lowest f requencies.  S i m i l a r  
comparisons f o r  a number of t h e  2-D AGARD 
c o n f i g u r a t i o n s  are g iven i n  Refs. 89-93. 

B a t i n a g 4  s tud ied  t h e  e f f e c t  o f  a i r f o i l  
shape, th ickness,  camber, and angle-of  -a t tack 
upon unsteady a i r l o a d s  us ing  t h e  XTRANLL code. 
An i n t e r e s t i n g  fea tu re  shown i n  Ref. 94 i s  
i l l u s t r a t e d  i n  f i g .  14(a) which shows frequency 
response f u n c t i o n s  o f  p i t c h i n g  moment due t o  a 
pu lsed a i r f o i l  p i t c h i n g  mot ion f o r  t h r e e  
d i f f e r e n t  a i r f o i  1s. F o u r i e r  t rans fo rm ana lys i s  
o f  such mot ions and a i r l o a d s  has been shown t o  
be very u s e f u l  i n  t ranson ic  unsteady aerodynamic 
c a l  c u l  a t i  o ~ s ~ ~ ,  no tw i ths tand ing  t h e  non l i nea r  
na tu re  o f  t he  f l o w  equation. Note t h e  "hump" i n  
t h e  r e a l  p a r t  and t h e  c o i n c i d e n t  "wave" of the  
imaginary p a r t  o f  t h e  p i t c h i n g  moment curves 
near k = 0.6. Such resonance fea tu res  a re  
f a m i l i a r  t o  dynamic is ts  as s i m i l a r  t o  t h e  
response o f  damped mechanical osc i  1 l a t o r y  
systems. Examples f rom Ref. 94 show t h a t  t he  
f requency and s t reng th  of t h i s  resonance f e a t u r e  

i s e n t r o p i c  assumption upon which the  theo ry  i s  
based. W i t l i a ~ a s  e t  e l . 97  have s t u d i e d  t h i s  
e f f e c t  f o r  t h e  TSD equat ion.  F igu re  18 
i l l u s t r a t e s  t h e  m u l t i p l e  s o l u t i o n s  ob ta ined  f o r  
t h e  NACA 0012 a i r f o i l  a t  M = 0.85. The unsteady 
r e s u l t s  g iven on the  r i g h t  o f  t h e  f i g u r e  (k f 0) 
demonstrate t h a t  l a r g e  phase e r r o r s  may occur a t  
low reduced frequencies as the  s o l u t i o n  jumps 
between t h e  s t a b l e  e q u i l i b r i u m  s o l u t i o n s  a t  A 
and C. Fuglsang and W i l l i a m s g e  have developed 
modi f i c a t  i ons t o  the  TSD equat ion t o  c i  rcumvent 
t h i s  problem. These non isen t rop i c  m o d i f i c a t i o n s  
i n v o l v e  a mod i f i ed  f l u x  term, a c o r r e c t i o n  t o  
t h e  pressure c o e f f i c i e n t  equat ion and a 
c o r r e c t i o n  t o  t h e  wake jump c o n d i t i o n  t o  a l l o w  
entropy convect ion.  These m o d i f i c a t i o n s  c o r r e c t  
t h e  m u l t i p l e  s o l u t i o n s  and enable the  use o f  t he  
TSD equat ion f o r  a wider  range o f  problems. 
Nonisentrop ic  cases s t u d i e d  by Fu l sang  are 
noted i n  Table 1. Gibbons e t  al." extended 
t h i s  method t o  3-D us ing t h e  XTRAN3S TSD code 
and found evidence of s i m i l a r  m u l t i p l e  
so lu t i ons .  F igu re  19 shows t ime  h i s t o r i e s  o f  
l i f t  c o e f f i c i e n t  f o l l o w i n g  a p i t c h  pu lse  
e x c i t a t i o n .  For aspect r a t i o s  g rea te r  than 24 
t h e  l i f t  diverges t o  a non-zero steady s ta te .  
Gibbons implemented t h e  2-D m o d i f i c a t i o n s  
discussed above s t r i p w i s e  i n  t h e  XTRAN3S code, 
o b t a i n i n g  t h e  r e s u l t s  i n  f i g .  20. The 
unmodi f ied code p r e d i c t s  a l i f t  curve s lope  
which i s  t w i c e  as l a r g e  as t h a t  obta ined w i t h  an 
Eu le r  code whereas the  mod i f i ed  code agrees w i t h  
t h e  Eu le r  code r e s u l t .  Gibbons a l s o  shows 
r e s u l t s  f o r  t h e  RAE AGARD t a i l p l a n e  model where 
t h e  non isen t rop i c  mod i f i ca t i ons  r e s u l t e d  i n  a 
foward s h i f t  o f  t h e  shock near t h e  w i n g t i p  o f  
n e a r l y  10 percent chord. Fu r the r  s tud ies  o f  
t h i s  e f fec t  a re  needed t o  g i v e  a complete 
assessment o f  t h i s  e f fec t  f o r  p o t e n t i a l  codes 
F i n a l l y ,  Osher e t  a l . ' "  and Whitlow e t  a1.loi 
have a l s o  developed ent ropy c o n d i t i o n  s a t i s f y i n g  
approximat ions f o r  t he  unsteady FP equat ion.  

a re  p r i m a r i l y  a f u n c t i o n  o f  Mach number w i t h  
a i r f o i l  shape and th i ckness  being secondary Treatment of Mavin Grids 
e f f e c t s .  

Be r ry  e t  al." show a s i m i l a r  resonance 
near k = 0.25 i n  t h e  p i t c h i n g  moment due t o  f l a p  
d e f l e c t i o n  f o r  t h e  NACA 64A006 a i r f o i l  a t  M = 
0.85. New c a l c u l a t i o n s  f o r  t h i s  a i r f o i l  a re  
shown i n  f i g .  17 f o r  M = 0.822 and 0.854. These 
a re  t h e  c o n d i t i o n s  shown i n  f i g .  7 f o r  t ype  R 
and t ype  C shock r o t i o n .  The symbols i n  f i g .  17 
g i v e  t h e  complex valued p i t c h i n g  moment 
c o e f f i c i e n t s  f o r  these two cases de r i ved  from 
separate harmonic osc i  11 a t i  on c a l c u l a t i o n s .  
Note t h a t  t h e  t ype  B shock mot ion (which i s  
reproduced by t h e  XTRAN2L code) was observed 
near the  "resonance" frequency a t  k = 0.2 f o r  M 
= 0.854 whereas t h e  t y p e  C shock mot ion i s  
observed a t  a frequency approximately one-hal f  
t h e  resonance frequency a t  M = 0.822. Th is  
resonance-type s t r u c t u r e  i s  not  observed i n  t h e  
p i t c h i n g  moment frequency response f u n c t i o n  f o r  
M = 0.875 ( t ype  A shock mot ion)  where a s t rong  
shock has formed. 

Nonunique So lu t i ons  of t h e  P o t e n t i a l  Equat ion 

S t e i n h o f f  and Jamesong6 have demonstrated 
t h a t  t h e  p o t e n t i a l  equat ion f o r  t r a n s o n i c  f l o w  
can have nonunique s o l u t i o n s  due t o  ent ropy 
generat ion w i t h i n  shocks v i o l a t i n g  t h e  

For s o l u t i o n  o f  f low equat ions above the  
TSD l e v e l ,  body conforming g r i d s  are g e n e r a l l y  
used. For a e r o e l a s t i c  a p p l i c a t i o n s  i n  which the 
s t r u c t u r a l  boundary moves from i t e r a t i o n  t o  
i t e r a t i o n ,  t h e  i ssue  o f  r e d e f i n i n g  t h e  g r i d  a t  
each s tep must be addressed. General ly,  t h e  
problem o f  g r i d  d e f i n i t i o n  i s  o f  such d i f f i c u l t y  
t h a t  approximate methods have been sought. Chyu 
and h i s   coworker^'^. l9 used an i n t e r p o l a t i o n  
scheme f o r  d e f i n i n g  g r i d s  a t  i n te rmed ia te  steps 
between t h e  extremes o f  mot ion f o r  o s c i l l a t i n g  
a i r f o i l s .  They used Steger 's  Navier-Stokes 
code t o  study the  moderate shock case1' and t h e  
shock-induced separa t i on  c a s e l g  f o r  t h e  NACA 
64A010A a i r f o i l ,  shown i n  f i g s .  21, 22. Note 
t h a t  t h e  f u l l  and t h i n - l a y e r  Navier-Stokes 
r e s u l t s  i n  f i g .  21 show no d i f f e r e n c e s  except 
near t h e  shock. This  i s  an impor tan t  
demonstrat ion o f  c a p a b i l i t y  f o r  t y p e  11-111 
f l ows  w i t h  i n t e r m i t t e n t  separat ion.  These 
c a l c u l a t i o n s  were obta ined us ing  2620 steps pe r  
c y c l e  of o s c i l l a t i o n  and t h e  t ime  per  s tep on 
t h e  C R A Y  X-MP computer was: 0.33 sec, f u l l  NS; 
0.22 sec, TL-NS; 0.17 sec, EE, co r respo ind ing  t o  
25-44 us. per  g r i d  p o i n t  per  t ime  step. 
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I f  t h e  sur face mot ion i s  smal l  and 
p r i m a r i l y  i n  t h e  d i r e c t i o n  normal t o  t h e  x-ax is ,  
a s u i t a b l e  engineer ing approach may be t o  apply  
t h e  boundary condi t ions a t  t h e  mean su r face  
l o c a t i o n  w i t h  s u i t a b l e  terms added t o  t h e  
boundary c o n d i t i o n  t o  s imu la te  su r face  motion. 
Sankar e t  al. ’03 have made a p r e l i m i n a r y  
e v a l u a t i o n  o f  t h i s  method f o r  unsteady 
c a l c u l a t i o n s  us ing  2-0 and 3-0 FP codes. For  
t h e  2-ll code, a case w i t h  an o s c i l l a t i n g  
t r a i l i n g - e d g e  f l a p  w i th  one degree ampl i tude was 
studied. They f i n d  tha t  r e s u l t s  us ing  t h e  exact  
boundary cond i t i ons  w i th  a moving g r i d  and t h e  
t r a n s p i r a t i o n  approach d i f f e r e d  by no more than  
10 percent  f o r  surface pressures and i n t e g r a t e d  
loads. Fu r the r  s tud ies  a r e  requ i red  be fo re  t h e  
v i a b i  li t y  o f  t h i s  t r a n s p i  r a t i o n  boundary 
c o n d i t i o n  method can be assessed. 

I n t e r a c t i v e  Viscous Modeling 

W i t h i n  t h e  range o f  t ype  I unsteady 
aerodynamic problems, f i g .  3, v iscous e f f e c t s  
become more important w i t h  i n c r e a s i n g  l i f t  
c o e f f i c i e n t  o r  Mach number. F u r t h e r  increases 
l e a d  t o  t h e  development o f  t ype  I1 mixed 
a t tached  and separated f l o w  where v iscous 
e f f e c t s  must be addressed. Th is  b o r d e r l i n e  
r e g i o n  between t ype  I and t y p e  I1 f l o w  i s  
impor tan t  s ince  design opera t i ng  c o n d i t i o n s  
f r e q u e n t l y  occur here. Thus s i m p l i f i e d  methods 
o f  account ing f o r  v iscous e f f e c t s  w i t h o u t  
r e s o r t i n g  t o  NS codes have been sought. These 
i n t e r a c t e d  boundary l a y e r  methods have most 
f r e q u e n t l y  coupled an i n v i s c i d  p o t e n t i a l  f low 
o u t e r  reg ion  so l ve r  w i th  an i n t e g r a l  boundary 
l a y e r  equat ion inner  reg ion  viscous f low 
so lver .  The two s o l u t i o n s  are  coupled 
i t e r a t i v e l y  through the boundary c o n d i t i o n s  t o  
ensure cons is ten t  coupling. I n  t h e  “ d i r e c t ”  
coup l i ng  method, the i n v i s c i d  f l o w  s o l u t i o n  
p rov ides  t h e  pressure c o e f f i c i e n t  a t  t h e  edge o f  
t h e  boundary l a y e r ,  enabl ing a d i r e c t  s o l u t i o n  
f o r  t h e  boundary layer  displacement th ickness.  
Th is  th i ckness  d i s t r i b u t i o n  i s  then added t o  t h e  
a i r f o i l  geometry t o  p rov ide  t h e  boundary 
c o n d i t i o n  f o r  t h e  next i t e r a t i o n  o f  t h e  i n v i s c i d  
s o l u t i o n .  For separated f lows, i t  i s  necessary 
t o  i nvoke  an “ inverse”  boundary l a y e r  method 
wherein t h e  displacement th ickness i s  s p e c i f i e d  
and t h e  edge pressure c o e f f i c i e n t  ca l cu la ted .  
Consistency o f  t h e  inner and ou te r  s o l u t i o n s  i s  
mainta ined by i t e r a t i n g  the  s o l u t i o n  a t  each 
step. 

Couston e t  a l .  l o 4  pub l i shed  unsteady 
i n t e r a c t e d  s o l u t i o n s  us ing  a TSD p o t e n t i a l  
code”’ and a v iscous de fec t  f o rmu la t i on  o f  t h e  
boundary l a y e r  equations. Resu l t s  f o r  a t tached  
f l o w s  f o r  t h e  NACA 64A006 a i r f o i l  a re  given. I n  
subsequent ca lcu latons,  LeBal l e u r  and coworkers, 
i n  Refs. 66 and 106-108, have pursued t h i s  
technique f o r  a wide range o f  a t tached and 
separated f low cases. Cases o f  a i r f o i l s  w i t h  
s l a t s  and f l a p s  and a i r f o i l s  w i th  s p o i l e r s  a r e  
t rea ted .  Also, cases o f  p e r i o d i c  o s c i l l a t i o n s  
on t h e  18 percent  biconvex a i r f o i l  b6, l o9  and 
t h e  RA16SC1 s u p e r c r i t i c a l  a i r f o i l  6 6  a r e  
desc r i  bed. 

S i m i l a r  i n t e r a c t e d  viscous s o l u t i o n s  a r e  
g iven by Houwink88,”o and by Rizzetta“ ’ .  
A p p l i c a t i o n s  o f  R i z z e t t a ’ s  method are  g iven i n  

Refs. 95 and 112-115. Ruo e t  a l .77 show 3-D 
c a l c u l a t i o n s  us ing  2-0 s t r i p  and 3-D i n t e g r a l  
boundary l a y e r  methods w i th  a FP i n v i s c i d  code. 
The viscous de fec t  f o r m u l a t i o n  used by LeBa l l eu r  
r e t a i n s  t ime-accuracy f o r  t h e  boundary l a y e r  
equat ions whereas Houwi nk and R i z z e t t a  ‘ s  methods 
use a quasi  -steady (i.e. t ime- independent)  
boundary l aye r .  A comprehensi ve assessment o f  
f l o w  c o n d i t i o n s  requ i  r i n g  t ime-accurate v iscous 
e f f e c t s  would be a va luab le  a d d i t i o n  t o  t h e  
f i e l d .  Tables 1 and 2 no te  references i n  which 
i n t e r a c t e d  viscous model ing has been used i n  
comparisons w i th  exper imental  data. 

S o l u t i o n  Algor i thms 

Advances i n  s o l u t i o n  a lgo r i t hms  f o r  
unsteady CFD have been made f o r  a l l  l e v e l s  o f  
phys i ca l  f l o w  modeling. Sid’es3’ summarizes work 
aimed a t  making t ime-accu ra te  Eu le r  equat ion 
s o l u t i o n s  more e f f i c i e n t  u s i n g  an e x p l i c i t  
p r e d i c t o r - i m p l i c i t  c o r r e c t o r  a lgor i thm.  
A r t i f i c i a l  v i s c o s i t y  i s  added on ly  i n  reg ions o f  
h i g h  g rad ien ts  and s t a b l e  s o l u t i o n s  f o r  a 
Courant number o f  12 a r e  shown. Resu l t s  f o r  t h e  
NLR 7301 a i r f o i l  a t  i t s  des ign “shock-free’’ 
cond i t i on ,  M = 0.721 and a = -0.19 degrees, a r e  
g iven i n  f i g u r e s  23-25. F igu re  23 compares 
c a l c u l a t i o n s  f rom t h e  Eu le r  code and a hodograph 
method w i t h  exper imental  data. The 
computat ional  c o n d i t i o n s  d i f f e r  f rom t h e  t e s t  
c o n d i t i o n s  due t o  wind tunne l  c o r r e c t i o n s  and 
boundary l a y e r  e f fec ts ” .  The two c a l c u l a t i o n s  
agree w e l l  except f o r  a weak shock i n  t h e  Eu le r  
s o l u t i o n .  It i s  noted t h a t  t h e  Eu le r  s o l u t i o n s  
were very s e n s i t i v e  t o  smal l  changes i n  e i t h e r  
Mach number o r  angle-of -at tack about t h i s  
cond i t i on .  F igu re  24 shows t h e  steady i s o b a r  
l i n e s  about t h i s  a i r f o i l  c a l c u l a t e d  by t h e  E u l e r  
code. Note t h e  n e a r l y  h o r i z o n t a l  i sobar  p a t t e r n  
shown i n  t h e  supersonic reg ion  over t h e  t o p  o f  
t h e  a i r f o i l .  Resul ts  a re  presented f o r  f l a p  
o s c i l l a t i o n s  a t  a reduced frequency o f  k = 0.068 
and f i g .  25 shows instantaneous i sobar  p a t t e r n s  
f o r  ut = 0 degrees and 180 degrees. Note t h e  
dimpled i sobar  p a t t e r n  on t h e  upper su r face  f o r  
w t  = 0 degrees. Very good agreement o f  computed 
and measured unsteady pressures i s  shown i n  
Ref. 30 f o r  t h i s  case. These c a l c u l a t i o n s  were 
performed on a 188x24 g r i d  and r e q u i r e d  2180 
steps per  cyc le ,  us inq  315 sec per  c y c l e  on a 
CRAY 1s computer, corresponding t o  32 us. pe r  
g r i d  p o i n t  pe r  t i m e  step. A f a c t o r  o f  10 
i nc rease  i n  speed over t h e  e x p l i c i t  method was 
achieved w i t h  t h i s  semi - i m p l i c i t  method. 

Another semi - i m p l i c i t  s o l u t i o n  a l g o r i t h m  
i sdesc r ibed  by I s o g a i Z 6  f o r  t h e  FP equat ion.  
The USTF3 code solves t h e  nonconservat ive 3-0 FP 
equat ion and a l s o  implements a quasi-steady 2-0 
s t r i p  v iscous boundary l a y e r  method. Several  
r e s u l t s  f o r  t h e  AGARD s tandard wings a r e  shown 
and s i g n i f i c a n t  a e r o e l a s t i c  f l u t t e r  c a l c u l a t i o n s  
a r e  compared t o  exper imenta l  f l u t t e r  r e s u l t s  
which w i l l  be discussed l a t e r .  

The semi - i m p l i c i t  AD1 s o l u t i o n  a l g o r i t h m  
used i n  t h e  XTRAN3S TSD code r e q u i r e d  
i n c r e a s i n g l y  smal l  t i m e  steps t o  ma in ta in  
s t a b i l i t y  as wing sweep and/or t a p e r  was 
increased. Guruswamy and Goor j i an  ‘16 rep laced 
t h e  g r i d  shear ing t rans fo rma t ion  o f  t h e  code 
w i th  a mod i f i ed  shear ing t r a n s f o r m a t i o n  which 
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mapped from a rec tangu la r  phys i ca l  domain onto a 
r e c t a n g u l a r  computat ional  domain. This 
a l l e v i a t e d  t h e  s t a b i l i t y  problem, a l l o w i n g  t i m e  
s teps o f  0.01 f o r  t h e  F-5 wing model whereas 
t i m e  steps an order  o f  magnitude sma l le r  had 
been marg ina l  w i t h  t h e  o r i g i n a l  method. Figures 
26 and 27 show the  steady and unsteady pressures 
c a l c u l a t e d  f o r  t h i s  aspect r a t i o  2.98 wing. The 
l e a d i n g  edge sweep angle i s  32 degrees and 1200 
s teps  pe r  c y c l e  were used. Both steady and 
unsteady computations agree c l o s e l y  w i t h  
exper imenta l  r e s u l t s  and a re  rep resen ta t i ve  of  
o t h e r  a p p l i c a t i o n s  o f  bo th  TSD and FP codes 
l i s t e d  i n  Table 2. 

Two advances i n  s o l u t i o n  a lgo r i t hms  f o r  the  
unsteady FP equat ion a r e  reviewed next.  The 
f i r s t  was t h e  development by Malone and 
Sankar117 o f  a s t r o n g l y  i m p l i c i t  AF scheme f o r  
t h e  2-D conserva t i ve  p o t e n t i a l  equat ion us ing  
body f i t t e d  coordinates.  Upwind dens i t y  b ias ing  
i s  used f o r  s t a b i l i t y  i n  supersonic zones. 
Resu l t s  f rom t h e  2-D SUNTANS code are  g iven i n  
Refs. 117 and 118 f o r  severa l  o f  t h e  AGARO 2-fl 
con f igu ra t i ons .  Malone e t  a i ?  have a l so  
developed a 3-D ve rs ion  o f  t h e  s t r o n g l y  i m p l i c i t  
AF a l g o r i t h m  and pub l i shed  comparisons of  
unsteady pressures w i t h  data77for t h e  F-5 wing 
modelz4 t h e  LANN wing model and t h e  NASA RSW 
model7.": F igures 28 and 29 show steady and 
unsteady pressures a t  two span s t a t i o n s  f o r  the 
F-5L4 a t  M = 0.95. The agreement w i t h  
exper iment i s  q u i t e  good. Th is  USIPWING code i s  
implemented on t h e  VAX 11/780 computer. 
Three-dimensional unsteady r e s u l t s  a re  t y p i c a l l y  
ob ta ined  w i t h  240 s teps per  c y c l e  us ing  
nondimensional t ime  steps o f  0.03-0.06. 

The second FP a l g o r i t h m  development t o  be 
noted was t h e  development o f  t h e  f l ux -b iased  AF 
method by Osher, Hafez, and Whitlow, Refs. 100, 
101, and 119. The method s a t i s f i e s  an entropy 
i n e q u a l i t y  r u l i n g  ou t  expansion shocks and 
a c c u r a t e l y  t r a c k s  son ic  cond i t i ons ,  r e q u i r i n g  no 
e m p i r i c a l  constants  t o  s p e c i f y  t h e  amount of 
a r t i f i c a l  v i s c o s i t y  needed f o r  s t a b i l i t y .  
Whit low e t  a1.l" g ives  d e t a i l s  o f  t h e  method 
implemented i n  a 2-0 FP code and show examples 
f o r  t h e  NACA 0012 a i r f o i l .  Shankar e t  ai.'zo 
and Shankar and I d e Z 5  have used t h e  f l ux -b iased  
AF technique i n  a Newton l i n e a r i z a t i o n  method 
w i t h  i n t e r n a l  i t e r a t i o n s  t o  reduce the 
l i n e a r i z a t i o n  and f a c t o r i z a t i o n  e r r o r s  and 
e f f i c i e n t l y  t r e a t  unsteady f l ows  w i t h  l a r g e  t ime 
steps. Reference 120 presents  r e s u l t s  f o r  the 
NACA 0012 a i r f o i l  f o r  nondimensional t ime  steps 
of 0.1, 0.2, and 0.3 (corresponding t o  CFL 
numbers o f  35, 70, and 105). The number of 
i n t e r n a l  i t e r a t i o n s  i s  increased w i t h  t h e  l a r g e r  
t i m e  steps t o  ma in ta in  accuracy. For unsteady 
c a l c u l a t i o n s  w i t h  two i n t e r n a l  i t e r a t i o n s  the  
2-0 code r e q u i r e d  0.09 seconds per  i t e r a t i o n  on 
a CRAY X-MP computer w i t h  a 181x30 g r i d ,  
corresponding t o  16 PS. per  g r i d  p o i n t  per t ime 
step. I n  Ref. 25 an extens ion of t h i s  
f l u x - b i a s e d  AF method t o  3 4  i s  descr ibed. 
Sample c a l c u l a t i o n s  f o r  t h e  NASA RSW model are 
g i ven  and exce l  l e n t  s t a b i  1 i t y  c h a r a c t e r i s t i c s  
a r e  quoted. On a 100x16~20  g r i d ,  Ca lcu la t i ons  
were ob ta ined  f o r  100 t i m e  steps p e r  c y c l e  
(Courant numbers g rea te r  than 100) i n  about 60 
seconds on a CRAY X-MP computer, corresponding 
t o  18 us. per  g r i d  p o i n t  per  t ime  step. 

6 a t i n a z 3  has implemented a 3-D AF a l g o r i t h m  
f o r  t h e  TSD p o t e n t i a l  equat ion which i s  s i m i l a r  
t o  Shankar 's120 method i n  us ing  a Newton 
l i n e a r i z a t i o n  i n  t i m e  coupled w i th  i n t e r n a l  
i t e r a t i o n s .  Resul ts  f o r  t h e  F-5 wing model a t  M 
= 0.9 were c a l c u l a t e d  f o r  100, 200, 300, and 400 
steps per  cycle.  The r e s u l t s  f o r  100 steps pe r  
c y c l e  i n d i c a t e d  t h a t  t h e  t ime  s tep  was t o o  l a r g e  
f o r  engineer ing accuracy. Comparison 
c a l c u l a t i o n s  w i t h  t h e  XTRAN3S AD1 a l g o r i t h m  
r e q u i r e d  2000 steps pe r  cycle.  An advantage o f  
such an e f f i c i e n t  3-D TSO code i s  t h a t  body 
conforming g r i d s  a re  no t  requ i red  and codes may 
be con f igu red  t o  t r e a t  complex geometries. O f  
course, t h i s  advantage must be balanced against  
t h e  l o s s  o f  some phys i ca l  model ing f i d e l i t y  w i t h  
t h e  smal l  d is turbance approximat ion.  I t  seems 
c e r t a i n  t h a t  a v a r i e t y  o f  unsteady computat ional  
methods, w i th  a range o f  phys i ca l  model ing 
approximat ions,  w i l l  e v e n t u a l l y  be used w i t h i n  
t h e  design process. 

The time-dependent Eu le r  equat ions form a 
h y p e r b o l i c  system of equat ions,  and much o f  t h e  
recent  i n  a1 g o r i  thm 
development ""resshas h inged upon t h e  
i n c o r p o r a t i o n  o f  t h e  s igna l  propagat ion features 
o f  t h e  d i f f e r e n t i a l  equat ion i n t o  t h e  numerical  
a lgor i thm.  There a r e  severa l  methods o f  
i n c o r p o r a t i n g  t h i s  i n f o r m a t i o n  i n t o  a d i f f e r e n c e  
scheme, f o r  example f l u x - v e c t o r - s p l i t t i n g  o r  
f l u x -  d i f f e r e n c e - s p l i t t i n g ,  and an e x c e l l e n t  
review o f  t he  cu r ren t  developments i n  t h e  f i e l d  
i s  g iven by Roe i n  Ref. 127. The advantages o f  
i n c o r p o r a t i n g  an upwind-biased d i s c r e t i z a t i o n  
i n t o  a numerical  a l g o r i t h m  a r e  twofo ld :  (1) t h e  
scheme becomes n a t u r a l l y  d i s s i p a t i v e  so t h a t  no 
a d j u s t a b l e  constants  need t o  be f i ne - tuned  t o  a 
p a r t i c u l a r  a p p l i c a t i o n  and (2 )  improved i m p l i c i t  
schemes can be dev ised f o r  more e f f i c i e n t  
s o l u t i o n s  t o  bo th  steady and time-dependent 
problems. Both o f  these advantages o f f s e t  t h e  
disadvantage t h a t  approx imate ly  t w i c e  as many 
opera t i ons  pe r  t i m e  s tep  a re  r e q u i r e d  t o  
implement an upwind scheme as opposed t o  a 
c e n t r a l  d i f f e r e n c e  scheme. 

Most o f  t h e  c a l c u l a t i o n s  made t o  da te  w i t h  
upwind d i f f e r e n c e  schemes, especi  a1 l y  f o r  
a i r f o i l s / w i n g s ,  have been steady-state 
a p p l i c a t i o n s ,  f o r  which comparable accuracy can 
be obta ined by c e n t r a l  d i f f e r e n c e  methods w i t h  
added a r t i f i c i a l  v i s c o s i t y .  The advantages o f  
upwind d i f f e r e n c i n g  should be more s i g n i f i c a n t  
f o r  t ime-dependent problems, however, where t h e  
a b i l i t y  t o  t r e a t  r a p i d  movement o f  f l o w s  w i t h  
shocks i s  requi red.  Roe'27 g ives  severa l  
examples o f  shock-propagat ion computat ions i n  
two-dimensions which demonstrate c l e a r l y  t h e  
advantages o f  a cha rac te r i s t i c -based  scheme. 
Viscous ef fects  can a l s o  be r e a d i l y  i n t roduced  
i n t o  upwind d i f f e r e n c e  schemes developed f o r  t h e  
Eu le r  equat ions by c e n t r a l  d i f f e r e n c i n g  t h e  
shear s t ress /hea t  t r a n s f e r  terms 1 2 E *  lZ9. 

The t ime-accurate computations made by 
Steger and Ba i l ey17  and Chyu e t  al.1E*19 used 
a spat  i a1 1 y -spl  i t approxi  mate -f a c t  o r i  z a t  i on 
(ADI) scheme, which i s  uncond i tona l l y  s t a b l e  i n  
two dimensions bu t  a t  most c o n d i t i o n a l l y  s t a b l e  
i n  t h r e e  dimensions. A l t e r n a t e  f a c t o r i z a t i o n s  
a r e  p o s s i b l e  w i th  t h e  i n c o r p o r a t i o n  o f  an upwind 
d i f f e r e n c e  d i s c r e t i z a t i o n  i n  one o r  more 
coo rd ina te  d i r e c t i o n s  which can l e a d  t o  
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u n c o n d i t i o n a l l y  s tab le  3-0 algor i thms" ' .  A 
two - fac to r  e igenva lue -sp l i t  SCM f o r  the Euler 
equat ions has an increased s t a b i l i t y  l i m i t  and 
fewer ope ra t i ons  than t h e  s p a t i a l l y - s p l i t  
scheme, a l though the operat ions a r e  no t  
complete ly  vector izable.  Bel k 34 computed steady 
and t imedependen t  i n v i s c i d  f l ows  f o r  t h e  NASA 
RSW model w i t h  such an a l g o r i t h m  i n  combinat ion 
w i t h  a b locked-g r id  s t ra tegy .  Ying e t  a1.130 
used upwind d i f f e rences  i n  a s i n g l e  coo rd ina te  
d i r e c t i o n  and const ructed a two- fac to r  
u n c o n d i t i o n a l l y  s tab le  a l g o r i t h m  f o r  which 
t h i n - l a y e r  v iscous e f f e c t s  a re  r e a d i l y  
incorporated.  Appl icat ions o f  t h e  t h i n - l a y e r  
Navier-Stokes equations t o  t h e  h igh-angle-of  - 
a t t a c k  unsteady f l o w  over a hemisphere-cyl inder 
a r e  made13'. Several o f  these a l t e r n a t e  
f a c t o r i z a t i o n s  a r e  i n v e s t i g a t e d  i n  t h e  con tex t  
o f  e f f i c i e n t  a1 gorithms f o r  three-dimensional  
s tead -s ta te  problems by Anderson e t  
a l .  

The use o f  m u l t i g r i d  techniques t o  
a c c e l e r a t e  convergence t o  t h e  s teady-state i s  
becoming widespread i n t h e  aerodynamic 
community. These techniques can a l s o  be used 
f o r  t i  me-dependent f 1 ows. Fo r  instance,  
m u l t i g r i d  techniques could be used t o  
e f f i c i e n t l y  s o l v e  the l a r g e  banded m a t r i x  
equat ions a r i s i n g  f rom i m p l i c i t  t ime  
d i s c r e t i z a t i o n s ,  t he  s o l u t i o n  o f  which i s  
g e n e r a l l y  approximated through r e l a x a t i o n  and/or 
f a c t o r i z a t i o n  methods. Jesperson 133  has 
demons t r a t e d  a t i  me -a ccu r a t  e mu 1 t i p 1 e g r  i d 
procedure which was used t o  overcome t h e  smal l  
t i m e  s tep  l i m i t a t i o n  o f  an e x p l i c i t  scheme. 
With t h e  growing memory o f  t oday ' s  computers 
( t h e  Numerical Aerodynamic Simulator  has 256 
m i l l i o n  words o f  memory) i t  becomes f e a s i b l e  t o  
s o l v e  t h e  banded matr ices by d i r e c t  Gaussian 
e l i m i n a t i o n ,  r a t h e r  than by approximate 
techniques. The s t r u c t u r e  o f  f u t u r e  i m p l i c i t  
a lgo r i t hms  f o r  bo th  steady and time-dependent 
problems w i l l  l i k e l y  i n v o l v e  a m u l t i p l e  g r i d  
a l g o r i t h m  w i t h  d i r e c t  e l i m i n a t i o n  techniques 
used on t h e  coarser  g r i d  l eve l s .  

13Y, 132 

Treatment of R e a l i s t i c  Con f igu ra t i ons  

A l l  r e s u l t s  presented thus  f a r  have d e a l t  
w i t h  unsteady t ransonic  aerodynamics f o r  
i s o l a t e d  l i f t i n g  surfaces. i n  order  t o  r e a l i z e  
necessary improvements over e x i s t i n g  a e r o e l a s t i c  
a n a l y s i s  methods, computat ional  a e r o e l a s t i c  
a n a l y s i s  w i l l  be requ i red  t o  p rov ide  r e l i a b l e  
p r e d i c t i o n s  f o r  complex con f igu ra t i ons .  
C a p a b i l i t y  t o  t r e a t  such d e t a i l s  as 
wing- fuselage in te r fe rence ,  and w i  ng-py lon-store 
e f f e c t s  upon f l u t t e r  boundaries a re  needed. It 
i s  encouraging t h a t  s tud ies  d i r e c t e d  a t  b u i l d i n g  
t h e  c a p a b i l i t y  o f  t r e a t i n g  these more r e a l i s t i c  
c o n f i g u r a t i o n  d e t a i l s  a re  progressing. 

Ra t ina  has added t o  t h e  XTRAN3S code 
separate c a p a b i l i t i e s  f o r  t r e a t i n g  i n t e r f e r i n g  
l i f t i n g  su r faces '34  and fuselage-wing 
c o m b i n a t i ~ n s ' ~ ~ .  The f i r s t  s tudy i s  a d i r e c t  
e x t e s i o n  o f  t h e  AD1 a l g o r i t h m  t o  t r e a t  two 
l i f t i n g  surfaces. F igure  3013" i l l u s t r a t e s  a 
case o f  canard-wing i n t e r f e r e n c e  i n  which 
unsteady loads  a r e  induced on t h e  wing by t h e  
o s c i l l a t i n g  canard. This e f f e c t  i s  obv ious l y  a 
f u n c t i o n  o f  t h e  separat ion d i s tance  between t h e  

surfaces and t h e  Mach number and frequency. 
SkankaP and G i M ~ 3 1 ' ~ ~  have a l s o  pub l i shed  a 
t reatment  of canard/wing model ing f o r  t h e  
unsteady f u l l  p o t e n t i a l  equat ion.  Steady 
r e s u l t s  a r e  shown f o r  a canard/wing research 
model and t h e  H I M A T  v e h i c l e  bu t  no unsteady 
r e s u l t s  a re  given. Bat ina13 '  descr ibes t h e  
t reatment  of t h e  fuselage which was implemented 
i n  t h e  XTRAN3S code. Boundary cond i t i ons  a re  
a p p l i e d  upon a computat ional  fuse lage su r face  
a l i g n e d  w i t h  coo rd ina te  l i n e s  and are  formulated 
i n  terms of p r o j e c t e d  areas and a rc leng ths  o f  
t h e  t r u e  fuselage. Comparisons w i th  e x i s t i n g  
steady data a r e  favorable.  F i g u r e  31 shows t h e  
c a l c u l a t e d  i n t e r f e r e n c e  e f f e c t  o f  t h e  RAE wing/ 
fuse lage model f o r  an assumed wing bending 
mode. The i n t e r f e r e n c e  e f f e c t  on t h e  i n t e g r a t e d  
genera l i zed  fo rce ,  impor tan t  f o r  a e r o e l a s t i c  
ana lys i s ,  i s  approximate1 5 percent  o f  t h e  
t o t a l .  Malone and Sankar" have a l s o  addressed 
t h e  t reatment  o f  wing-fuselage modeling. They 
used a body f i t t e d  coo rd ina te  system w i t h  t h e  
USIPWING code and present  comparisons w i t h  
steady data f rom a research t r a n s p o r t  wing, t h e  
F-14 a i r p l a n e  and a RAE Wing/Fuselage model. 
Whi le unsteady r e s u l t s  a re  shown, t h e r e  a r e  no 
exper imental  data f o r  comparison. 

Heavy, concentrated masses such as engines, 
stores,  and tanks can have a l a r g e  e f f e c t  upon 
f l u t t e r  boundar ies and sometimes placement of 
these components i s  c r i t i c a l  t o  meet ing des ign 
ob jec t i ves .  Guruswamy e t  a1 . 13' have augmented 
t h e  ATRAN3S code t o  t r e a t  a wing w i t h  a t i p  
s to re .  The s t o r e  i s  modeled w i t h i n  t h e  TSD 
approximat ion by t r e a t i n g  t h e  t i p  s t o r e  as an 
extens ion o f  t h e  wing planform. Comparisons 
w i t h  data f rom t h e  F-5 wing model w i t h  a t i p  
s to re14  a r e  presented. 

Thus, a promis ing s t a r t  has been made i n  
t h e  t reatment  o f  r e a l i s t i c  con f igu ra t i ons .  The 
t r e n d  t o  be observed i n  these examples i s  t h a t  
c a p a b i l i t y  f o r  an a d d i t i o n a l  component has been 
added t o  e x i s t i n g  codes which t r e a t  i s o l a t e d  
wings. Based on t h e  recent  progress i n  d e v i s i n g  
steady f l o w  s o l u t i o n  methodology f o r  complex 
con f igu ra t i ons ,  one might  a n t i c i p a t e  t h e  
development o f  codes aimed "ab i n i t i o "  a t  more 
complete c o n f i g u r a t i o n s  i n  t h e  near  fu tu re .  
Another ev iden t  requirement i s  f o r  t h e  necessary 
exper imenta l  data t o  v a l i d a t e  codes f o r  such 
c o n f i g u r a t i o n  detail;. Such t e s t s  a re  q u i t e  
expensive and r e q u i r e  much t ime  f o r  p lann ing  and 
execut ion.  I n  t h e  meantime, c a r e f u l  a t t e n t i o n  
t o  comparisons w i t h  a v a i l a b l e  steady data i s  a 
necessary s t a r t i n g  p o i n t  i n  any case. 

A e r o e l a s t i c  A p p l i c a t i o n s  

The major in tended use o f  unsteady 
aerodynamic c a l c u l a t i o n s  i s  f o r  p r e d i c t i o n  o f  
a e r o e l a s t i c  response o f  a i r c r a f t  and, more 
s p e c i f i c a l l y ,  f l u t t e r .  Th is  s e c t i o n  w i l l  
review, very b r i e f l y ,  t h e  a v a i l a b l e  
pub1 i ca t ions .  There have been numerous 
pub l i shed  c a l c u l a t i o n s  o f  two and t h r e e  
degree-of -freedom 2-0 f l u t t e r  s tud ies  which a re  
devoid of exper imental  data comparisons s i n c e  
r e a l i s t i c  2-0 f l u t t e r  models a re  very  d i f f i c u l t  
t o  f a b r i c a t e .  On t h e  o the r  hand, t h e r e  a re  on ly  
a smal l  number o f  pub l i shed  3-0 f l u t t e r  
c a l c u l a t i o n s  which a r e  compared w i th  
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exper imenta l  r e s u l t s .  An impor tant  reason f o r  
t h i s  i s  t h e  d e t a i l  and e f f o r t  requred t o  perform 
a v a l i d  f l u t t e r  a n a l y s i s  of a f l u t t e r  model. 
V i b r a t i o n  mode shapes and masses must be 
a c c u r a t e l y  c a l c u l a t e d  o r  measured and sur face 
coord inates measured. Another major f a c t o r  has 
been t h e  d i f f i c u l t y  o f  t he  unsteady aerodynamic 
computat ion f o r  c o n f i g u r a t i o n s  o f  cu r ren t  
i n t e r e s t .  For instance,  much i n t e r e s t  tends t o  
be focused upon cases whose t ranson ic  f l u t t e r  
boundar ies occur c o i n c i d e n t a l l y  w i t h  t h e  onset 
o f  mixed f low.  Hence, a e r o e l a s t i c  a p p l i c a t i o n s  
f o r  such cases has had t o  await  t he  maturat ion 
o f  computat ional  methods discussed above. 

A r e s t r i c t e d  s e l e c t i o n  o f  t h e  many 
p u b l i c a t i o n s  2-D f l u t t e r  3$a l  c u l a t  i ons 
inc ludes  Isogai", Edwards e t  a l .  , Bland and 
Edwardse3, and Berry  e t  al.". References 80, 
83, and 139 document t h e  somewhat s u r p r i s i n g  
" l o c a l l y  l i n e a r "  nature o f  t ranson ic  p o t e n t i a l  
f lows.  That i s ,  about t h e  steady mean f l o w  
c o n d i t i o n  which i s  a non l i nea r  f u n c t i o n  o f  Mach 
number and angle-of -at tack,  unsteady 
p e r t u r b a t i o n  a i r l o a d s  behave very l i n e a r l y  f o r  
reasonable a i r f o i l  motions. F igu re  3283 
i l l u s t r a t e s  t h i s  by showing t h e  normal ized 
unsteady l i f t i n g  pressure on t h e  NACA 64A010A 
a i r f o i l  f o r  o s c i l l a t o r y  p i t c h  ampl i tudes from 
0.25-2.0 degrees. Away from t h e  shock pu lse  
l i t t l e  e f f e c t  o f  ampl i tude i s  seen w h i l e  the 
i n t e g r a t e d  e f f e c t  o f  t h e  shock pu lse  a l s o  va r ies  
o n l y  s l i g h t l y .  Reference 139 in t roduced  the 
s t a t i c  t w i s t i n g  o f  t he  a i r f o i l  due t o  t h e  steady 
p i t c h i n g  moment i n t o  t h e  f l u t t e r  problem and 
demonstrated a marked e f f e c t  upon f l u t t e r  
boundar ies,  p a r t i c u l a r l y  f o r  the s u p e r c r i t i c a l  
MBB A-3 a i r f o i l .  Reference 95 documented the 
u t i l i t y  o f  s-p lane Pade' curve f i t s  o f  t ranson ic  
a i r l o a d s  (which r e l y  on t h e  concepts of 
l i n e a r i t y  and superpos i t i on )  f o r  a e r o e l a s t i c  
ana 1 ys  i s. Viscous e f f e c t s  a r e  shown t o  
g e n e r a l l y  r e s u l t  i n  l a r g e r  values o f  f l u t t e r  
speed s i n c e  t r a n s o n i c  e f f e c t s  are a l l e v i a t e d  by 
t h e  bou n da r y  1 aye r . 

Comparisons o f  c a l c u l a t e d  and exper imental  
f l u t t e r  boundar ies f o r  win s have been qiven by 
Guruswamy and G ~ o r j i a n ' ~ ~ ,  I s o g a i Z 6 *  ', and 
Myers e t  a l .  141. Reference 140 g ives 
comparisons f o r  a rec tangu la r  wing f l u t t e r  model 
u s i n g  an e a r l y  low frequency ve rs ion  of the 
XTRAN3S code. Reasonable agreement o f  f l u t t e r  
speeds i s  shown a t  a s u b c r i t i c a l  speed, M = 
0.715, bu t  t he  f l u t t e r  speed i s  ove rp red ic ted  by 
75 percent  a t  M = 0.9. I s o g a i 7 '  s tud ied  t h e  
s u p e r c r i t i c a l  wing o f  Farmer e t  a l .  5 7  us ing t h e  
nonconserva- t ive FP USTF3 code and an i n t e r a c t e d  
boundary l a y e r  model. His  comparison o f  f l u t t e r  
boundar ies i s  shown i n  f i g .  33. The t r e n d  o f  
t h e  t r a n s o n i c  f l u t t e r  d i p  i s  very n i c e l y  
p r e d i c t e d  a l though the  d i p  occurs about 0.08 low 
i n  Mach number. The s u b c r i t i c a l  f l u t t e r  
boundary i s  very w e l l  matched by t h e  c a l c u l a t e d  
f l u t t e r  p o i n t  a t  M = 0.8. The premature f l u t t e r  
d i p  and t h e  subsequent premature r i s e  of t he  
c a l c u l a t e d  boundary i s  o f  concern s i n c e  
Myers14', p resen t ing  XTRAN3S c a l c u l a t i o n s  f o r  a 
t r a n s p o r t  wing, a l s o  shows such a premature r i s e  
i n  t h e  boundary. F i n a l l y ,  I s o g a i 2 6  shows 
f l u t t e r  comparisons f o r  a d i f f e r e n t  
s u p e r - c r i t i c a l  t r a n s p o r t  wing which agree n i c e l y  
w i t h  the  exper imenta l  f l u t t e r  dip. 

Since t h e  d e f i n i t i o n  of these minimum 
f l u t t e r  speeds very l i k e l y  i n v o l v e s  t y p e  I1 
mixed flow, i t  i s  no t  s u r p r i s i n g  t h a t  few 

It can be c a l c u l a t i o n s  a r e  ava i l ab le .  
a n t i c i p a t e d  t h a t  w i t h  the  recent  advances i n  
computat ional  a lgo r i t hms  and i n t e r a c t i v e  v iscous 
modeling, such cases w i l l  be t r e a t e d  i n  t h e  near 
fu tu re .  

Type I 1  Mixed Flow Computation 

As i n d i c a t e d  above, t h e  unsteady p e r i o d i c  
f lows encountered over a l i m i t e d  range o f  Mach 
number and t r i g g e r e d  by o s c i l l a t i n g  t r a i l i n g -  
edge/shock-i nduced boundary l a y e r  separa t i on  a r e  
j u s t  r e c e n t l y  coming i n t o  t h e  range o f  
computat ional  methods. The weakest l i n k  f o r  
t h i s  c a p a b i l i t y  i s  t h e  u n c e r t a i n t y  i n  t h e  
tu rbu lence  model ing of complex separated f lows,  
s ince  r a p i d  progress cont inues t o  be made i n  t h e  
development o f  improved a lgo r i t hms  and f a s t e r  
computers. 

I t i s  w e l l  known t h a t  separated f l ows  
depar t  s t r o n g l y  from e q u i l i b r i u m  - t y p e  
behavior,  so t h a t  a t  a minimum some account o f  
t h e  non-equi  li br ium "upstream h i s t o r y "  e f f e c t s  
should be i nc luded  i n  the  computations. Some 
encouraging r e s u l t s  a l o n  t h i s  l i n e  have been 
obta ined by L e B a l l e ~ r ' ' ~  w i t h  an i n t e g r a l  
boundary l a y e r  model and Johnson'42 w i t h  an 
eddy -v i scos i t y  Reynolds-shear s t r e s s  c l o s u r e  
model. Simpson14j r e c e n t l y  reviewed c a l c u l a t i o n  
methods f o r  t u r b u l e n t  separated f l ows  and 
Coakley'44 compared severa l  methods f o r  a i r f o i l  
app l i ca t i ons .  

On t h e  o the r  hand, Levy37 was ab le  t o  
reproduce t h e  unsteady p e r i o d i c  f low behavior o f  
t h e  18 percent c i r c u l a r - a r c  a i r f o i l  us ing  an 
e q u i l i b r i u m  two- laye r  a l g e b r a i c  model. The 
steady f l ow  a t  Mach numbers below t h e  range o f  
p e r i o d i c  f 1 ow, cha rac te r i zed  by t r a i  1 i ng-edge 
separat ion,  was p r e d i c t e d  accu ra te l y .  Levy 
demonstrated t h a t  t he  i n f l u e n c e  o f  t he  channel 
w a l l s  had a s u b s t a n t i a l  impact on t h e  
comparisons w i t h  experiment, e s p e c i a l l y  a t  Mach 
numbers away from t h e  design po in t .  Th is  e f f e c t  
was not  considered i n  the  e a r l i e r  comparisons o f  
Deiwert  '' w i t h  t h e  exper imental  r e s u l t s .  The 
steady f l o w  a t  a Mach number above the  range o f  
p e r i o d i c  flow, cha rac te r i zed  by shock-induced 
separat ion,  was no t  accu ra te l y  p red ic ted ,  as t h e  
c a l c u l a t i o n  demonstrated a normal shock p a t t e r n  
( f i g .  11) w i t h  t r a i l i n g - e d g e  pressure recovery,  
whereas the  experiment i n d i c a t e d  an o b l i q u e  
shock p a t t e r n  and a constant  pressure r e g i o n  
downstream o f  t he  shock. Coakley 
domonstrated t h a t  t he  discrepancy was p a r t l y  
a t t r i b u t a b l e  t o  t h e  turbulence model but  more so 
t o  t h e  blockage in t roduced  downstream by t h e  
separated wake f low,  which forces t h e  downstream 
s t a t i c  pressure t o  be lower than t h e  upstream 
s t a t i c  pressure. Ry model ing t h e  tunnel  w a l l s  
w i t h  boundary cond i t i ons  more approp r ia te  f o r  an 
i n t e r n a l  f low and us ing a mod i f i ed  two-equat ion 
tu rbu lence  model, C ~ a k l e y ' ~ ' ,  147 obta ined good 
agreement w i t h  t h e  steady exper imental  r e s u l t s ,  
as shown i n  f i g .  34. The above d i scuss ion  
i l l u s t r a t e s  some of the d i f f i c u l t i e s  which can 
be encountered i n  app ly ing  and v a l i d a t i n g  
computat ional  methods f o r  t u r b u l e n t  separated 
flows. 
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I n  a d d i t i o n  t o  Levy’s c a l c u l a t i o n s ,  t h e  
unsteady p e r i o d i c  behavior f o r  t h e  18-percent 
biconvex a i r f o i l  has a l s o  been computed by 
Steger’” and by LeBal leur  log. Steger ‘ s  
c a l c u l a t i o n  was f o r  an a i r f o i l  i n  f r e e - a i r  w i t h  
an i m p l i c i t  Navier-Stokes code us ing  t h e  
B a l d ~ i n - L o m a x ’ ~ ~  a lgeb ra i c  model. The unsteady 
f l o w  occurred a t  a h ighe r  Mach number (M = 
0.783) than t h a t  o f  Levy (M = 0.754), which can 
p a r t l y  be a t t r i b u t e d  t o  the  f r e e - a i r  boundary 
cond i t i ons .  The computed reduced frequency 
(0.41) was remarkably c lose  t o  t h a t  o f  Levy 
(0.40) a l though both a re  low i n  comparison t o  
experiment (0.48). LeBal 1 eur  ‘s recent  
c a l c u l a t i o n s  were also made i n  f r e e - a i r  w i t h  a 
small  d i s tu rbance  p o t e n t i a l  method i n c l u d i n g  an 
i n t e r a c t e d  t w o s q u a t i o n  i n t e g r a l  v iscous model. 
Steady shock-induced separat ion was computed a t  
M = 0.788 and unsteady p e r i o d i c  f l o w  a t  M = 
0.76. The reduced frequency (0.34) was lower  
than  e i t h e r  o f  t h e  two Navier-Stokes so lu t i ons .  

Some c a l c u l a t i o n s  have been made du r ing  the  
p repara t i on  of t h i s  paper us ing  t h e  i m p l i c i t  
upwind-biased Navier-Stokes a l g o r i t h m  descr ibed 
i n  Ref 149 us ing  an a l g e b r a i c  tu rbu lence  
model’4b. The tunnel w a l l s  were modeled and 
boundary c o n d i t i o n s  approp r ia te  f o r  i n t e r n a l  
f l o w  were used, i.e., t h e  downstream pressure 
and upstream enthalpy, entropy, and f l o w  
d i r e c t i o n  were speci f ied.  The r e s u l t s  i n d i c a t e d  
unsteady f l o w  a t  a higher Mach number than Levy; 
steady t r a i l i n g - e d g e  separa t i on  occurred a t  M = 
0.754 and unsteady p e r i o d i c  f l o w  a t  M = 0.78, 
a l though t h e  Mach number f o r  onset o f  t h e  
unsteadiness was s e n s i t i v e  t o  whether o r  not  t h e  
divergence o f  t h e  tunnel boundary t o  account f o r  
boundary l a y e r  growth was inc luded.  F igu re  35 
shows Mach contours through one h a l f  -cyc le  o f  
o s c i l l a t i o n  (near maximum l i f t  t o  minimum l i f t )  
i n d i c a t i n g  t h e  forward movement, disappearance, 
and subsequent format ion near the  t r a i l i n g  edge 
o f  t h e  lower surface shock. The reduced 
frequency of t h e  type B unsteady mot ion was 
0.406, i n  c lose  agreement w i t h  t h e  c a l c u l a t i o n s  
o f  both Levy (compare f i g .  11) and Steger. The 
i m p l i c i t  c a l c u l a t i o n s  were made w i t h  a t ime step 
o f  0.01 and a computational t i m e  o f  18 IIS. per  
g r i d  p o i n t  pe r  t i m e  s tep on t h e  CYBER 205 
computer. 

The unsteady p e r i o d i c  f l o w  f o r  t h e  18 
percent  c i r c u i a r  arc i s  t r i g g e r e d  by t n e  
osc i  1 l a t i n g  t r a i  1 ing-edge/shock-induced boundary 
l a y e r  separa t i on  on the a i r f o i l .  The unsteady 
mot ion can a l s o  occur i n  pu re l y  i n v i s c i d  f l ows  
because o f  t h e  v o r t i c i t y  in t roduced a t  a curved 
shock. The f l o w  past a c i r c u l a r  c y l i n d e r  a t  M = 
0.5 i s  w e l l  known, f o r  example, t o  be 
u n ~ t e a d y ’ ~ ~ * ’ ~ ~  e x h i b i t i n g  a t ype  B 
o s c i l l a t o r y  shock motion a t  a reduced frequency 
o f  0.50. Bar ton and P ~ l l i a m ’ ~ ’  have a l s o  shown 
f o r  a i r f o i l s  a t  h igh -ang le -o f -a t tack  t h a t  t h e  
curved shocks near the  l ead ing  can lead  t o  
shock- i  nduced v o r t i c i t y  and p e r i  od i  c 
se l f - i nduced  o s c i l l a t o r y  flow. To what ex ten t  
t h e  i n v i s c i d  mechanism i s  p l a y i n g  a r o l e  i n  t h e  
unsteady c i r c u l a r  a r c  cases i s  no t  known, and a 
parametr ic  study i n  terms o f  th ickness and Mach 
number t o  e s t a b l i s h  the range o f  t h e  i n v i s c i d  
mechanism would be very i n fo rma t i ve .  

The c a l c u l a t i o n  o f  the unsteady p e r i o d i c  
f l o w  boundar ies f o r  a i r f o i l s  i s  a f r u i t f u l  area 

f o r  t h e  development and Val i da t  i on o f  
comput a t  i onal methods. Exper i  mental pressure 
d a t a 3 5 9 3 6 ~ 3 8 $ 3 9  over a wide range o f  
Reynolds number i s  a v a i l a b l e ,  a l though 
deta i ledboundary- layer  measurements are not .  
For t h e  18-percent biconvex exper iments o f  
McDevi t t ,  a s u b s t a n t i a l  h y s t e r e s i s  e f f e c t  i n  t h e  
unsteady f l o w  boundary was found. This  aspect 
has n o t  been demonstrated w i t h  computat ional  
methods as y e t ,  bu t  i t  would be expected, based 
on t h e  above d iscuss ion,  t h a t  computat ional  
model ing as c lose  as p o s s i b l e  t o  t h a t  o f  t he  
exper imenta l  c o n d i t i o n s  w i l l  be a c r i t i c a l  
cons ide ra t i on .  The most i n t e r e s t i n g  behavior,  
and t h e  most cha l l eng ing  from the  computat ional  
viewpont, occurs i n  the  t r a n s i t i o n a l  reg ion  from 
laminar  t o  t u r b u l e n t  f low. I n  t h e  experiment o f  
McDevitt3’, t h e  Mach number range f o r  t h e  
observed unsteady f l o w  d imin ished near a 
Reynolds number of 3 x l o 6  ( f i g .  9) and i n  t h e  
experiments of Mabey3’, i t  disappeared 
complete ly  i n  t h e  range o f  Reynolds number f rom 
about 3 x I O 6  t o  5 x IO6.  Scale e f f e c t s  i n  
e i t h e r  experiment were no t  s i g n i f i c a n t  once 
t u r b u l e n t  flow i s  f u l l y  es tab l i shed  ahead o f  t h e  
shock. 

The frequency o f  these o s c i l l a t i o n s  i s  o f  
i n t e r e s t  i n  t h a t  t h e  f l o w  mechanism causing t h e  
unsteadiness might  be i d e n t i f i e d  v i a  t h e  
c h a r a c t e r i s t i c  t ime  constants  o f  s i g n a l  
propagat ion w i t h i n  t h e  va r ious  f l o w  regions. 
T i  jdeman4 noted an almost l i n e a r  r e l a t i o n  
between t h e  phase l a g  o f  t h e  shock mot ion 
and t h e  a i r f o i l  mot ion f o r  t y p e  A shock mot ion 
w i t h  a wel l -developed shock ( f o r  p i t c h  
o s c i l l a t i o n s  o f  t h e  NLR 7301 a i r f o i l ) .  He 
r e l a t e d  t h i s  t o  the  s igna l  propagat ion t ime from 
t h e  t r a i l i n g - e d g e  t o  t h e  shock. Mabey3’, 
commenting on c h a r a c t e r i s t i c  t ime  constants  f o r  
t h e  14 percent  c i r c u l a r  a r c  a i r f o i l  p e r i o d i c  
o s c i l l a t i o n s ,  notes t h a t  t h i s  reasoning leads t o  
reduced frequency parameters o f  1.15 t o  1.8, 
much h ighe r  than the  observed frequencies.  

Three i tems mentioned above germane t o  t h i s  
d i scuss ion  are; Steger and B a i l e y ’ s ’ 7  i n v i s c i d  
EE c a l c u l a t i o n s  f o r  t h e  a i l e r o n  buzz case, 
LeBa l l eu r  and Gerodroux-Lavigne’s l o g  i n t e r a c t e d  
v iscous -TSD code r e s u l t f o r  p e r i o d i c  
o s c i l l a t i o n s ,  and B a t i n a ’ s g 4  demonstrat ion o f  
t h e  p o s s i b i l i t y  o f  aerodynamic resonance w i t h  an 
i n v i s c i d  TSD code. The occurrence o f  damped and 
undamped o s c i l l a t i o n s  observed f o r  i n v i s c i d  
f l ows  a t  n e a r l y  t h e  same frequency as t h e  
o s c i l l a t i o n s  i n  v iscous f l ow17  (k 0.36-0.39) 
i m p l i e s  t h a t  t h e  f l o w  mechanism determin ing t h e  
o s c i l l a t i o n  frequency de r i ves  f rom the  dynamics 
o f  t h e  i n v i s c i d  f l o w  region. Furthermore, t h e  
r e s u l t s  o f  Refs. 94 and 109 g i v e  impetus t o  
s tudy ing  t h i s  e f f e c t  w i t h  a TSD code. 
Accord ing ly ,  c a l c u l a t i o n s  were made w i t h  t h e  
XTRANZL code o f  t h e  aerodynamic response f o r  t h e  
18 percent  t h i c k  c i r c u l a r  a rc  a i r f o i l  due t o  
t r a i l i n g - e d g e  25 percent  chord f l a p  motions. 
The n o n i s e n t r o p i c  m o d i f i c a t i o n s  descr ibed i n  
Ref. 98 were used t o  o b t a i n  s o l u t i o n s  f o r  t h i s  
strong-shock case. F igu re  36 presents  t h e  
r e s u l t i n g  cm6 frequency response f u n c t i o n  f o r  
Mach numbers o f  0.66-0.74. There i s  a very 
marked development o f  an aerodynamic resonance 
e f f e c t  as Mach number increases. For M = 0.74 
t h e  a i r f o i l  resonance frequency Is k = 0.32, 
very  c lose  t o  t h e  computat ional  c o n d i t i o n s  o f  
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Ref. 109 f o r  p e r i o d i c  o s c i l l a t i o n s  (M = 0.76 and 
k = 0.36). Steady c a l c u l a t e d  f l o w  cond i t i ons  
f o r  t h i s  case gave a shock l o c a t i o n  a t  x/c - 
0.73 w i t h  a preshock minimum pressure 
c o e f f i c i e n t  o f  Cp = -1.27 ( t h e  exper imental  
values were x/c = 0.65 and Cp = l .136) .  
Al though t h i s  case i s  c e r t a i n l y  ou ts ide  the 
bounds o f  a TSD code, t h e  occurrence of such a 
s t r o n g  resonance fea tu re  as shown i n  f i g .  36 i s  
o f  i n t e r e s t .  Exper imental  evidence o f  such 
aerodynamic resonances i s  given by den Boer and 
H ~ u w i n k ~ ~  who t e s t e d  a 12 percent  t h i c k  
s u p e r - c r i t i c a l  a i r f o i l .  For p i t c h i n g  
o s c i l l a t i o n s ,  a l a r g e  resonance e f f e c t  was 
observed near k = 0.25 a t  cond i t i ons  
corresponding t o  onset o f  t ype  I 1  mixed f low.  

The c a l c u l a t i o n s  o f  f i g .  36 were obtained 
u s i n g  a 1 degree f l a p  pulse.  For t h e  t e s t s  of 
Ref. 36, t h e  i n c l i n a t i o n  angle o f  the 
shock-separated reg ion  t o  t h e  a i r f o i l  surface 
ranged up t o  7 degrees. Thus, harmonic 
o s c i l l a t i o n  c a l c u l a t i o n s  f o r  t h i s  c o n d i t i o n  w i t h  
a f l a p  o s c i l l a t i o n  ampl i tude o f  7 degrees (not 
shown) were made which show the  development of 
t h e  c h a r a c t e r i s t i c  dimpled i sobar  p a t t e r n  seen 
i n  t h e  NS code r e s u l t s  o f  f i g .  35, sketch C. 
These dimpled i sobar  p a t t e r n s  have been noted i n  
Levy ' s37  NS c a l c u l a t i o n s  ( f i g .  ll), Sid'es EE 
c a l c ~ l a t i o n s ~ ~  ( f i g .  25) and t h e  present  NS 
c a l c u l a t i o n s  ( f i g .  35) and appear t o  be a 
v a r i a n t  o f  t y p e  B and t ype  C shock motions, 
That i s .  du r ing  a p o r t i o n  o f  t he  o s c i l l a t i o n  t w o  
reg ions o f  h i g h  s u c t i o n  pressure occur 
s imi taneously .  The dynamic behavior  o f  the 
boundar ies of these reg ions  (1.e. moving shocks 
and pressure waves) i s  an i n t e r e s t i n g  t o p i c  f o r  
f u r t h e r  study. 

Concluding Remarks 

We have at tempted t o  summarize t h e  s ta tus  
o f  computat ional  methods f o r  t ranson ic  unsteady 
aerodynamics w i t h  a focus upon methods f o r  
a e r o e l a s t i c  c a l c u l a t i o n s  and the  p r e d i c t i o n  o f  
f l u t t e r .  Three-dimensional vo r tex  f lows have 
n o t  been inc luded  i n  t h i s  survey as t h i s  i s  a 
f a s t  e v o l v i n g  t o p i c  by i t s e l f .  The sub jec t  has 
been d i f f e r e n t i a t e d  w i t h  respect t o  the 
d i f f i c u l t y  o f  f l o w  model ing and computat ional  
requirements by d i s t i n g u i s h i n g  the  s t a t u s  of the 
unsteady f lows as: I ,  at tached f low;  11, mixed 
at tached and separated f low;  and 111, separated 
f low. 

1. For type I flows, computat ional  methods have 
matured w i t h  a steady progress ion o f  improved 
techniques f o r  f l o w  s imu la t i on .  S i g n i f i c a n t  
e f f o r t s  have been devoted t o  understanding the 
e f fec ts  o f  equat ion l e v e l ,  computat ional  g r i d ,  
boundary cond i t i ons ,  and viscous boundary 1 ayer 
model i ng. Extens ive comparisons w i t h  
exper imenta l  data se ts  have been made w i t h  
p o t e n t i a l ,  Eu le r  and Navier-Stokes equat ion 
so l ve rs  f o r  two-dimensional a i r f o i l  cases and an 
understanding o f  t h e  range o f  v a l i d i t y  of the 
va r ious  methods can be made. Less extens ive 
compari sons are avai 1 a b l e  f o r  t h r e e  - d i  mensi onal 
wings and more eva lua t i ons  a re  r e q u i r e d  before 
d e f i n i t e  conclus ions can be made. 

2. Progress i n  s o l u t i o n  a lgo r i t hms  f o r  unsteady 
aerodynamics has been s i g n i f i c a n t  w i t h  l a r g e  
decreases i n  requ i red  computer resources due 
t o  t h e  l a r g e r  t i m e  steps a l lowed by more s t a b l e  
s o l u t i o n  a lgor i thms.  Development o f  programs 
t r e a t i n g  more r e a l i s t i c  c o n f i g u r a t i o n s  such as 
m u l t i p l e  l i f t i n g  sur faces and wing appendages 
a re  a n t i c i p a t e d  i n  t h e  near fu tu re .  The 
t reatment  o f  body conforming g r i d s  f o r  deforming 
e l a s t i c  veh ic les  must be addressed i n  o rde r  t o  
f u l l y  u t i l i z e  these emerging methods. 
3. There i s  a need f o r  exper imental  data s e t s  
w i t h  which t o  v a l i d a t e  unsteady aerodynamic 
codes s i m u l a t i n g  these more complete 
con f igu ra t i ons .  
4. Many more t r a n s o n i c  f l u t t e r  c a l c u l a t i o n s  a r e  
needed be fo re  an assessment o f  t h e  range o f  
v a l i d i t y  o f  t h e  computat ional  methods can be 
made. O f  t he  few repor ted  f l u t t e r  c a l c u l a t i o n s ,  
a tendency i s  noted o f  p r e d i c t i n g  a premature 
up tu rn  i n  t h e  f l u t t e r  boundary, very p o s s i b l y  
due t o  v i o l a t i o n  o f  f l o w  model ing assumptions 
(e.g. onset o f  type I 1  unsteady f low) .  
5. Type I 1  p e r i o d i c  aerodynamic o s c i l l a t i o n s  
about an 18 percent  t h i c k  c i r c u l a r  a rc  a i r f o i l  
have been c a l c u l a t e d  w i t h  an upwind d i f f e r e n c e d  
Navier-Stokes code u s i n g  f l u x  s p l i t t i n g ,  
d u p l i c a t i n g  e a r l i e r  c a l c u l a t i o n s  by Levy. More 
i n s i g h t  i n t o  t h i s  case i s  p rov ided  by a 
t ranson ic  small  d i s tu rbance  p o t e n t i a l  code u s i n g  
non isen t rop i c  mod i f i ca t i ons .  Ca lcu la t i ons  o f  
f l a p  o s c i l l a t i o n s  f o r  t h i s  case i l l u s t r a t e  t h e  
f requency dependence o f  t h e  o s c i l l a t i o n s  and 
g ives f u r t h e r  evidence o f  an aerodynamic 
resonance phenomena i n  t h e  i n v i s c i d  f l o w  about 
a i r f o i l s  a t  t r a n s o n i c  speeds. I n t e r a c t i o n  o f  
such type 11 f lows w i t h  s t r u c t u r a l  v i b r a t i o n  
c h a r a c t e r i s t i c s  may be expected t o  l e a d  t o  
"nonc lass i ca l  " a e r o e l a s t i  c response. 
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Table 1 References g i v i n g  comparisons o f  exper imental  and c a l c u l a t e d  
two-dimensional unsteady aerodynamics 
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Fig. 2 Main c h a r a c t e r i s t i c s  and boundaries fo r  
t h e  onset o f  separa t i on  f o r  t h e  NLR 7301 
s u p e r c r i t i c a l  a i  r f o i  1. 
(Tijdeman, Ref. 4) 
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Separated flow 
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( a f t e r  Bradley,  Ref. 56) 

I 12! 8 

DYNA.MlC 1 
PRESSURE, i 

i t ~ l  m2 i 
I 

-CONVENTIONAL W I N G  ---- SUPERCRITICAL WING 
IADJUSTED) 

L I  I I I I I I 
0 .5 .6 .7 .8 .9 1.0 1.1 

M A C H  NUMBER 

Fig. 4 Comparison o f  convent ional  wing f l u t t e r  
boundary w i t h  ad justed s u p e r c r i t i c a l  
wing boundary. 
(Farmer e t  al., Ref. 57) 
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Fig. 5 AGARD Structures and M a t e r i a l s  Panel 
two-dimensioal  standard a e r o e l a s t i c  
c o n f i g u r a t i o n s .  
(Bland, Ref. 8) 
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F ig.  6 AGAR0 S t ruc tu res  and M a t e r i a l s  Panel 
three-d imensional  s tandard aeroel  a s t i  c 
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(Bland, Ref. 9) 

M, = 0.875 k = wt = 0.468 
U, 

F i  

. 4 L L 1 I I  I I I I I I 

-.6 

-.4 

-.2 

0 

2 

CP 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  
x/c X I C  

FLAP POSITION 

DOWN ~ 1 ' - LTRANZ 
-- MAGNUS UP "-1 YOSHIHARA 

n 2n 3n 4n 
wt 

(a )  Type A shock motion. 

7 Upper su r face  pressure c o e f f i c i e n t s  o f  
an NACA 64A006 a i r f o i l  w i t h  o s c i l l a t i n g  
t r a i l i n g - e d g e  f l a p  showing t y p e  A, B y  
and C shock motions. 
(Bal lhaus and Goor j ian,  Ref. 6 )  
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Fig. 7 Continued. 
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Fig. 8 Eighteen percent  t h i c k  c i r c u l a r  a r c  
a i r f o i l  exper imental  cond i t i ons .  
(McDevi t t ,  Ref. 36) 
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64A010A a i r f o i l  a t  M = 0.796 and a = 0 
degrees. 
(Edwards e t  a1 . , Ref. 89) 

Fig. 14 Steady pressure d i s t r i b u t i o n  f o r  t he  
NACA 64A010A a i r f o i l  a t  M = 0.796 and 
a = 0 degrees. 
(Edwards e t  al., Ref. 89) 
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motion f o r  the NACA 64A006 a i r f o i l .  
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Fig. 18 Anomalous behavior o f  p o t e n t i a l  f low 
so lu t i ons  f o r  NACA 0012 a i r f o i l  a t  
M = 0.85 and a = 0 degrees. 
(Wi l l iams e t  al., Ref. 97) 
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steady flow, under "design" condi t ions,  
M = 0.721, a = -0.19'. 
(Sid&s, Ref. 30) 
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Fig. 23 Pressure c o e f f i c i e n t  d i s t r i b u t i o n  
around the  NLR 7301 a i r f o i l  i n  steady 
flow: Euler  ca l cu la t i on ,  and ---- a i r f o i l  w i t h  o s c i l l a t i n g  f lap. M = 
hodog-ic method f o r  M = 0.721, a = 

-0.19'. 0:NLR experiment f o r  M = 0.068. 
0.744, a = 0.85'. 
(Sides, Ref. 30) 

Fig. 25 Pressure f i e l d  around t h e  NLR 7301 

0.721, a = -0.19', 6 = lo s i n  w t  , k = 

(SidPs, Ref. 30) 
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Fig. 26 Comparison of calculated and measured 
steady pressures for the F-5 wing 
model: M = 0.90. 
(Guruswamy and Goorjian, Ref. 116) 
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Ref. 27 Comparison of calculated and measured 
unsteady pressures for the F-5 wing 
model: M = 0.90. 
(Guruswamy and Goorjian, Ref. 116) 
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model : M = 0.95. 
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model, M = 0.95. 
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Time steps 

F ig .  35 Calculated p e r i o d i c  o s c i l l a t i o n  f o r  18% biconvex a i r f o i l  w i t h  
i m p l i c i t  t h i n - l a y e r  Navier-Stokes code, M = 0.78, Re = 11 x 106, 
k = 0.406. 
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Fig .  36 Calculated p i t c h i n g  moment c o e f f i c i e n t  
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